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Report 20672-P2D

FOREWORD

This volume is submitted as partial fulfillment of contract provisions
of Contract NAS 8-20672 and meets the requirements of Supplement No. 10 of that

contract, The NASA project engineer was Mr. R. J. Richmond.

Volume I of this report is written specifically for the designer with
the intent of providing combustion stability information which may be applied
directly during a program's design phase. This volume (Volume II), on the
other hand, is to provide the tools by which the analyst may characterize the
combustion stability of a system. The combustion model which provided the basis
for this analytical technique is the Sensitive Time Lag theory first developed
by Dr. L. H. Crocco and later extended by Dr. F., H. Reardon. This volume
provides description of a computer program, written in FORTRAN V, which may

be utilized in characterizing a variety of combustion systems.

The work was conducted by the Thrust Chamber Engineering Section of the
Liquid Rocket Division under Dr. N. E. Van Huff, acting manager;

Mr. J. M. McBride, project manager; and Mr. W. W. Howard, project engineer.

Special acknowledgement is given to Mr. R. C. Waugh for his contribution
in the development of analytical models, Mr. D. P. Dudley for programming and
and conversion of the computer program, Mr. R. K. Turner for the reduction of
combustion stability theory into design criteria and analysis and correlations

of test data, and Mr. W. J. Nord for organizing and editing the material

contained in these reports.
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I, PROBLEM

A. ABSTRACT

This program solves the combustion instability problem using the
sensitive time lag theory. This amounts basically to solving the inhomogeneous
Helmholtz equation for the condition of neutral stability. The inhomogeneous
terms in the Helmholtz equation account for the mean flow and combustion effects.
The program considers longitudinal and transverse modes of oscillation., It
includes effects of non-uniform injection, velocity effects, and non-linear

combustion response.

The program is divided into several subprograms which can either
be run together or separately. These subprograms include nozzle admittance,
longitudinal mode analysis, transverse mode analysis, describing functions
for combustion response, and nonuniform injection parameters.

B. TECHNICAL DESCRIPTION

1. The Nature of Combustion Instability

It is well known that the processes occurring within a liquid
rocket combustion chamber are never entirely smooth. Even when the mean oper-
ating conditions are constant, fluctuations around these mean values occur in
all of the quantities that characterize the flow. The nature of the fluctua-
tions can vary widely from one combustor to another and in a single combustor
for different operating conditions. If the fluctuations are random and of
small amplitude, this unsteadiness is referred to as "combustion noise". With
random fluctuations of large amplitude, the operation of the rocket is said to
be "rough", and the functioning of the system of which the rocket is a part

may be impaired.
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Type Characteristic coupling
I. Chugging (1) feed system / r/
(low frequency) (2) combustion ¢ 0
chamber
Pumps
valve Ve 4 Vo

2. Entropy wave (1) injector (mixture ratio)

(2) chamber ; s ,gas velocity ;
F “w , wave velocity

\{%z

3. Hi - frequency (1) combustion process
(2) chamber geometry (wave travel time)

Figure 1 -- Liquid Propellant Combustion Instability
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I, B, Technical Description (cont.)

Much more serious than rough operation is the problem of
combustion instability, also termed unstable combustion, oscillatory com-
bustion, or resonant combustion. Whereas rough combustion refers to random
fluctuations, combustion instability consists of organized oscillations that
are maintained and amplified by the combustion process itself. The various
types of combustion instability can be classified roughly into three categories:
low frequency, intermediate frequency, and high frequency. However, the
classification is not based simply on frequency alone. Just as electrical and
mechanical systems respond to specific frequencies depending on the type of
coupling, so also liquid rocket systems exhibit representative frequency and

amplitude patterns.

The basic coupling mechanisms for the three general types of
combustion instability found in liquid propellant rocket engines are illustrated
in Figure 1. For the low frequency ('chugging") type, interaction between the
propellant feed system and the combustion chamber places the frequency generally
less than 200 Hertz. The coupling is effected by the oscillating propellant
feed rates. In the case of intermediate frequency combustion instability
(sometimes referred to as entropy wave instability), the injector character-
istics (especially the internal injector manifolding and orifice impedances)
account for part of the interaction, with the mean gas flow aﬁd pressure wave
propagation in the combustion chamber completing the process. Typical frequencies

are in the several hundred Hertz range.

In this report, attention will be focused on the third type of
combustion instability, namely, high frequency instability. This type depends
upon a coupling between the combustion processes and flow oscillations in the
combustion chamber. Such coupling requires no input from the feed system,
although it is possible for the feed system to have an effect when the combustion
chamber is large and acoustic frequencies are reduced to several hundred cycles
per second. Normally, the frequencies to be expected are in the thousand Hertz

range for most current engines.
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TABLE I

s\m FOR A CYLINDRICAL CHAMBER

For transverse modes the frequency of oscillation is given by:

Mode

1st
2nd
3rd
1st
2nd
3rd
4th
5th
6th
iT,
2T,
3T,
4T,
1T,

For

where: L
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nal mode the frequency can be estimated by:

% s 12 2
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length of nozzle in inches.

average Mach number in nozzle-chamber combination
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I, B, Technical Description (cont.)

The combustion chamber geometry is an important factor in high
frequency combustion instability because the possible frequencies depend on
the internal geometry. Since it is effectively closed at one end by the
injector and has a choked-flow exhaust nozzle at the other end, the chamber
acts acoustically much as a double closed—end\cavity. For instance, for purely
longitudinal modes, an approximate point of effective reflection in the nozzle
can be determined theoretically; between that point and the injector face
standing patterns of acoustic waves can be established. Similarly in the
transverse plane, tangential modes of the spinning or standing types as well
as radial modes may be established. Frequencies correspond approximately to
those of the acoustic modes, either the fundamental or higher harmonics.

Modes containing combinations of tangential, radial and longitudinal oscilla-
tions may also exist, each characterized by its own frequency. Pressure and
velocity patterns for several transverse modes are illustrated in Figure 2.
However, despite the similarity of the modes and the closeness of frequencies,
the continuous generation of gases produces effects that do not exist in a
closed chamber. In a closed chamber, the only source of damping originates
from the friction on the walls. This source of damping is active of course
also in the combustion chamber, but it plays a very modest role compared to
other, more powerful sources of damping. Indeed, the very existence of the
nozzle produces damping in the case of pure or combined longitudinal modes
because the reflection of waves from the convergent (subsonic) portion of
the nozzle departs from that of the ideal closed end. For purely transverse
waves this source of damping is missing, and actually is replaced by a slight

source of amplification.

The most important source of damping, however, is related to
the process of gas generation itself, and consists of two parts of approxi-
mately equal importance. The most obvious comes from the fact that, from the
conditions of the steady propellant injection flow (steady, of course, only if

the feed system perturbations are disregarded) the combustion gases must have
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1, B, Technical Description (cont.)
acquired, at the moment of generation, the perturbed momentum corresponding to
the oscillatory flow. The acquisition of this momentum demands a certain work
which must be absorbed from the system. The fact that momentum exchanges due
to the drag of the droplets can take place prior to the moment of generation

can only add additional damping.

The other, more subtle source of damping comes from the fact
that at the moment of generation the volume of the propellant must change from
its practically negligible liquid volume, to the full volume of the burned
gases. To. this change of volume corresponds a certain "pumping work" propor-
tional to the local instantaneous pressure. Hence, more work must be absorbed
from the system when the pressure is higher, and less when it is lower, thus

providing an effective damping mechanism.

The significance of the preceding discussion is that, from the
point of view of instability, each combustion system is characterized by certain
-well-defined proper frequencies at which the gases can oscillate in well-defined
modes, and by certain damping mechanisms which absorb energy from the oscillating
system. It is clear that self-sustained oscillations can exist (and instability
appear) only if the combustion process is able to generate, at any one of the
proper frequencies, enough feedback combustion energy (in excess of the steady-

state conditions) to restore continually the amount which is being lost.

Suppose, for a moment, that the amount of combustion feedback
energy is independent of frequency. Then the only important factor in the
balance would be the energy damping corresponding to each mode, that (or those)
mode(s) becoming unstable which correspond(s) to the lowest level of damping.
Experience shows that this is not the case, and that, for a given injector,
the selection of the unstable mode is rather governed by its proper frequency

than by its damping level. This has been shown to be the case both for
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1, B, Technical Description (cont.)

longitudinal and for transverse forms of instability. In both it has been
possible to observe the switch from one unstable mode to another (for instance
from the fundamental to the second mode) when the geometrical (or other) con-
ditions are gradually changed. It is not our purpose to discuss here the
details of the transition from one mode to the other (it does not take place
suddenly), but rather to point out that the transition occurs in such a way as

to maintain the oscillation frequency within a well-defined narrow range.

The only logical interpretation of this observation is that not

only the combustion feedback energy must depend on frequency, but that actually
only in a narrow range around one, well defined, frequency (determined in a
complicated way by the various geometrical, physical and chemical conditions
on which the combustion process depends), can the combustion feedback energy

reach a level sufficient to balance the damping.

The empirically observed existence for a given combustion
system of one narrow frequency range in which instability can appear can be
interpreted by stating that, among the features characterizing the response of
a given combustion system to oscillatory conditions, one can single out a
"characteristic time" simply proportional to the reciprocal of frequency, such
that only when its ratio to the oscillation period is around a certain value,

maximum feedback can be generated and, possibly, instability produced.

This behavior has similarities to that of a resonant system,
which is able to oscillate at certain natural frequencies with amplitudes that
depend on the value of the frequency of the exciting forces compared to those
of the natural frequencies. In the combustion instability problem also the
exciting force due to the unsteady combustion processes is characterized by
its own frequency (or its characteristic time), and maximum amplitudes are to

be expected where there is coincidence with one of the proper frequencies.
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T, B, Technical Description (cont.)

However, there is an important difference, residing in the fact that the
exciting force is not independently applied from the outside, but is produced
(in a sort of feedback loop) by the oscillations themselves, with the result
that considerations of stability appear and take fundamental importance, and
that the eventual oscillatory situation is determined by nonlinear effects.
Nevertheless the terms ''resonance' and 'resonant' are often applied also to

this case.

1t appears that the knowledge of the characteristic time asso-
ciated with a particular combustion system would be of primary importance in
the design of new rockets, since it determines in which mode instability is
able to appear. Such a knowledge could, for instance, allow the choice of the
chamber and injector geometry in such a way that all of the proper frequencies
would be too high to become unstable. Unfortunately, even assuming the
characteristic time to be known, the choice of the propellant combination, as
well as the chamber and basic injection system geometry, has always been
fixed in the past during the early stages of development programs based on
other stringent requirements of size, weight and performance, and there is very
little chance that even in the future the designers may base their designs only
on stability requirements. Therefore, a more sophisticated approach to the
problem of stability is necessary, in which the second condition for appearance
of instability, that of the energy balance, is also taken into consideration.
In other words, even if it is impossible to avoid having some of the proper
frequencies fall in the range where they may become unstable for the given
combustion system one should make sure that for the corresponding modes the

combustion feedback is not sufficient to balance the damping.
Clearly there are two ways in which this balance can be

improved in favor of stability: one is the depression of the combustion

feedback, the other the increase of the damping. Of the two solutions, the
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I, B, Technical Description (cont.)

second has been favored in recent times becaguse it is better understood and

hence easily controlled. Such damping devices as baffles or acoustic liners

have been introduced, to the cost of more or less profound design complications,
and have been very effective in producing substantial levels of damping, due

to the dissipation caused by the devices. At the same time these devices also
entail a change of the proper frequencies, and, in view of the previous discussion,

this change can also have an effect on the balance.

On the other hand, the solution of depressing the combustion
feedback has not been used in any consistent and systematic fashion, but only
by looking for injector designs which, fortuitously or nearly so, result in the

most stable operation on the test stand.

It may be added that a third, and the most effective solution,
clearly consists in applying simultaneously the two solutions above, by (1)
using an injector as stable as possible, and (2) adding a certain amount of

extra damping to attain whatever safety margin is required.

The difficulty with a systematic application of the second
(or the third) solution has been that the behavior of the combustion systems
under oscillatory conditions is still very incompletely understood, so that it
is impossible today, starting from the fundamental consideration of the basic
physico-chemical processes involved, not only to predict the value of the
characteristic time or the magnitude of the energy feedback, but often even

the very direction in which these quantities are affected by a change in design.

However, a less fundamental approach exists, which may still help
the designer considerably, that is based upon the idea of establishing empirical
correlations between the characteristic time and the energy feedback on one side
and, on the other side, a certain number of appropriate combinations of para-

meters characterizing the injector geometry, the propellant mixture and the
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I, B, Technical Description (cont.)

operating conditions. The feasibility of such an approach is offered by the
sensitive time lag concept, introduced by Crocco in 1951 (Ref. 1). Although
originally formulated with the sole intent of gaining an insight into the
essential features of the high frequency instability phenomenon, the sensitive
time lag combustion model was later found to predict accurately the quantitative
behavior of the system in quite a few cases. In fact, this was beyond the expec-

tations for such a heuristic approach.

This is indeed the primary advantage of the sensitive time
lag concept, that the complexity of the actual combustion proces§ can be avoided
through the use of a very small number of lumped parameters. This is not to
say that phenomena, such as droplet breakup, vaporization, mixing, chemical
reactions, etc., are not important in determining stability and performance
characteristics, but rather that, lacking such specific knowledge, the general
nature of the coupling between the chamber conditions and the combustion process

may still be described.

According to the Crocco model, the dynamic aspects of the
injection~combustion process that are of significance in high frequency
instability are characterized by a time lag, which is sensitive to the local,
instantaneous values of pressure, temperature, gas velocity, etc. The degree
of sensitivity is measured by one or more interaction indices. The sensitive
time lag, then, plays the role of the above discussed characteristic time,
while the interaction indices, properly combined, hold the key to the magnitude
of the energy feedback. Thus, the occurrence of high frequency combustion
instability is seen to result from the matching of the sensitive combustion time
lag with one of the proper frequencies of the combustion chamber, provided that
the degree of sensitivity of the combustion is sufficiently large to offset the
damping effects present in the chamber. The stability conditions can then be
expressed only in terms of the time lag and the interaction indices, and the

ways to stabilization are easily discussed.

Page 11




Report 20672-P2D
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Figure 3 == Time Lag Schematization
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I, B, Technical Description (cont.)

2. The Sensitive Time Lag Concept

The liquid propellant combustion process may be represented
schematically as in Figure 3, which shows the volume of a propellant element
from the instant of injection until conversion to final combustion products is
accomplished. 1Initially, in the liquid state, the volume is small. The con-
version to gaseous products takes place more or less gradually, depending on
the degree of atomization, the intensity of mixing, the chemical nature of
the reactants, and so on. This gradual change is replaced, for anmalytical
simplicity, by a step function, as shown in Figure 3. This is not to say that
the combustion process is thought to occur instantaneously, but that such
simplification may reasonably describe the essential nature of the combustion
process from a dynamic point of view. The step function approximation of the
overall combustion process defines a characteristic time, called the "total
time lag" for the propellant element considered and denoted by tp. This time,
of the order of a few milliseconds, is not representative of the characteristic
times of high frequency instability. Rather, the total time lag is basic to
the low frequency type of combustion instability. However, the total time lag,
together with the velocity history of the injected propellants, determines
the space lag, that is, the location in the chamber at which combustion of
the particular propellant element is taking place. It is this aspect of the
total time lag that cannot be disregarded when considering high frequency
instability. This point will be discussed further in a later section. It
suffices to say here that the step function approximation is compatible with
any combustion distribution in the chamber, since Tty can be different for

different propellant elements.

The lower diagram of Figure 3 illustrates the important concept

that not all of the processes that occur during the combustion of liquid
propellants are equally affected by the combustion environment. Comsider first

only the effect of pressure (and correlated temperature) oscillations.
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I, B, Technical Description (cont.)

Initially, only liquid streams, ligaments, or relatively large droplets are
available in conditions unfavorable to combustion. It is to be expected that
pressure perturbations interact only slightly with propellants in that degree
of preparation. In the later portion of the preparation phase (as the nominal
17 value is approached), droplets are small and interspersed; moreover fuel and
oxidizer species are mixed. Hence, burning rates are readily influenced by
instantaneous pressure changes. This increased sensitivity to disturbances

in pressure and temperature is represented on the figure by a higher instan-
taneous ''pressure interaction index",n. The portion of the total time lag that
is associated with this high sensitivity can be attributed an approximately
constant mean value of the interaction index and is called the "sensitive time
lag", denoted by 1. The early portion is referred to as the "insensitive time
lag", 141, and the corresponding interaction index is taken to be zero. Again,

the step~function approximation is useful to reach a simple analytical descrip-

tion. The sensitive time lag is of the order of a few tenths of a millisecond
(an order of magnitude smaller than the total time lag). It plays the role in
the frequency combustion instability of the 'characteristic time' discussed
previously. The energy feedback resulting from pressure oscillations can be
calculated in terms of T and the interaction index, n, Similarly the energy
feedback resulting from gas velocity oscillations can be calculated in terms

of a velocity-sensitive time lag (which may coincide with the one already
defined) and of an appropriate 'velocity interaction index', and the same would

apply to the interaction with other possible physical quantities.

In the schematic representation just discussed two (or more)

combustion parameters have been defined that are of key importance to further

discussions of high frequency instability. The first is the sensitive time
lag, v, which places the combustion process in proper perspective with the
times corresponding to the variocus acoustic modes associated with the chamber
geometry. The second parameter, the interaction index, n (and, possibly, other
parameters, representing the additional interaction indices of relevance), must
exceed a certain minimum level if the damping is to be balanced and self

amplifying or sustained oscillations are to be generated.
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I, B, Technical Description (cont.)

These points are further clarified (where only one interaction
index is relevant) by a stability diagram using T as the abscissa and n as the
ordinate (Figure 4), relative to the first tangential (1T) mode. As already
observed, the resonant behavior of the system is such that the maximum amount
of energy feedback is obtained when the ratio of the characteristic time to
the oscillation period (in this case of the 1T mode) is around a certain value
(which for the present simple combustion model is 1/2). At the corresponding
value of T’evidently, the damping processes can be balanced with the minimum
value of Doint At other values of T the effectiveness of the feedback process
decreases, and hence larger values of n are required to reach the balance, the
values inereasing with increasing deviations of v from the value of maximum
effectiveness. The curve of Figure 4 represents, for the given mode, the n~t
combinations for which a balance between feedback and damping is obtained. If,
for given 1, n is smaller than the value which produces the balance, perturba-
tions will decay as a result of the excessive damping; if on the contrary n is
larger, perturbations will amplify as a result of the excessive feedback.

Hence the curve provides the stability boundary between the stable region of

Figure 4 (under the curve) and the unstable region (above the curve).

A given combustion system is characterized by a certain value
of the interaction index. If this value is less than D ip PO instability at all
is possible. If the interaction index is just equal to N0 then instability
is possible, but only if the matching of the proper time of the chamber and the
characteristic combustion time is perfect. TFor n > noin the time-matching
requirement is less stringent, i.e., a certain mismatch of the times will still
result in instability. As the value of n increases, the amount of allowable

mismatching also increases.

For other modes than the 1T mode, the stability boundary can be
represented in a similar way, the scale of t properly shifted. Putting the

stability boundaries corresponding to different modes on the same plot results
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I, B, Technical Description (cont.)

in Figure 5, where an overall stability region, regardless of mode, is now
evident. Plots of this kind are fundamental to the methods to be discussed
extensively in this report. However, two remarks, to be substantiated later,

should be made.

The first remark is that such a clearcut boundary between
stability and instability is obtained only if the perturbations are assumed to
be of small amplitude. This is indeed the assumption on which most of the
theoretical developments on combustion instability have been based. Within
this assumption all effects of the perturbations can be assumed to vary
linearly with the perturbation amplitudes, the mathematical treatment is
accordingly substantially simpler, and the (linear) stability boundary
unequivocally defined, the linearly unstable region being practically inter-
preted as that in which oscillations grow spontaneously out of the random
combustion noise. However, in real practice the perturbations are not
necessarily limited to the range where all of their effects vary linearly with
the amplitude, and when the contrary happens important nonlinear effects may
appear. Some effects of nonlinearity can be derived theoretically, at the
cost of substantial mathematical complexities. But what is important to the
present qualitative discussion is that, while the linearly unstable region
always remains a region of instability, the corresponding statement for the
linearly stable region is not true. In other words, a system corresponding
in the n-t plane to a point of the linearly stable region may be triggered
into amplifying or self-sustaining oscillations by a perturbation (for instance,
a pulse) of sufficiently large amplitude. Only if the pulse remains under a
certain critical level do the resulting oscillations decay - in agreement with the
predictions of the linear theory. This nonlinear behavior plays an important
role in rockets, and has to be taken into account when interpreting the experi-

mental results.
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I, B, Technical Description (cont.)

The second remark is that the curves of Figures 4 and 5 depend
not only on the chamber and nozzle geometries, but also on the transverse and
longitudinal distributions of combustion, the first being substantially deter-
mined by the distribution of the injection flux across the injector, the second
by the details of the individual combustion processes (such as atomization,
evaporation, mixing and chemical reactions, recirculation flow, etc.). The
significance of the total time lag Tp in this connection has been mentioned
already. Large values of TT,other factors being equal, will spread the com-
bustion toward the nozzle end of the chamber. 1If the total time lag is too
large for the chamber in question, performance will suffer because of incomplete
burning prior to the nozzle entrance. Since the region of maximum combustion
is closely associated with the region where propellants have reached the sensi-
tive state in the preparation process, it is in this general location that
interaction between the combustion process and the acoustic modes reaches a

maximum level.

For the fundamental longitudinal mode, pressure antinodes are
found at the injector and the nozzle end of the chamber, as shown in Figure 6.
Higher harmonics will have additional pressure antinode locations. If com-
bustion is uniformly distributed from one end of the chamber to the other,
maximum instability coupling cannot take place since there is a region (or
regions, in the harmonics) in which a pressure nodal environment is approached.
If the wave is sinusoidal, a true node is found; otherwise, only an oscilla-
tion with reduced amplitude will be observed. The limiting case of a non-
sinusoidal wave is that of a shock wave, the amplitude variation of which is
shown in Figure 6. In the nodal region, even with proper time phasing, too
little energy is available from the increased burning rate to cause the pressure
oscillations to be amplified. However, if combustion is concentrated at the
injector end, the best environment for emergy transfer to the pressure oscilla-

tions is provided.
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The steady state combustion rate is approximately proportional
to the rate of change of axial gas velocity with distance from the injector.
Typical velocity profiles are shown in Figure 7. Two extremes are apparent:
(1) the concentrated combustion case in which near-maximum gas velocities
are produced within a short distance from the injector, as shown by curve "A",
and (2) the nearly uniform combustion case in which the axial velocity curve
is nearly linear, as represented by curve "B". Rocket experience has shown
that the actual velocity distributions fall within these extremes. Thus,
combustion concentrated near the nodal point and combustion concentrated near

the antinode at the nozzle end are both unrealistic situations.

The transverse modes may also be discussed on a somewhat
similar basis. Experimental measurements at a number of laboratories have
shown that maximum amplitudes for the tangential modes are always found at the
injector end. Thus, to reduce coupling, axially distributed combustion can
offer considerable improvement as compared to the concentrated combustion case,
just as was found for the longitudinal mode. In the radial direction the com=-
bustion distribution picture is more complicated. As shown in Figure 8, pres-
sure oscillation amplitudes vary radially, and the vibration is strongly depend-
ent on the mode. The first and second tangential modes are similar to each
other but quite different from the first radial mode. To promote instability
in the first tangential mode, assuming that the n, v values are suitable, one
would choose an injector design that would provide rapid burning (i.e., small
Tps to keep the combustion near the injector face) and would have the injection
orifices concentrated at the outer radii. Either spreading the combustion
axially or moving the injection toward the center of the chamber would reduce
the degree of coupling. If the first radial mode is also considered, then a
compromise location near the half-radius point would prove to be the best
injection point. This principle has been verified in an investigation of a
number of injection distributions by the Aerojet-General Corporation using

high-thrust hardware (Ref 2).
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The qualitative discussion just given is based on the assump-
tion that there is only one relevant interaction index. When more than one has
to be taken into account, the effect of each additional interaction index
produces a displacement of the stability boundaries in the n-1 plane, and the
interpretation becomes correspondingly more difficult. Effects of this kind
are found, for instance, when the combustion rates are sensitive to the
transverse velocity perturbations characteristic of transverse oscillations.

One can visualize important coupling mechanisms related to the inequalities in
the displacements of liquid drops and propellant vapors that are produced by

such oscillations. The local mixture ratio can be altered, with resulting
changes in the burning rate, if one of the propellants is displaced with respect
to the other. Even with unlike-impinging injector elements such an effect
exists, but it may be especially significant in like-on-like designs, where

the fact that a certain level of displacement must be reached before significant
alterations of mixture ratio occur, may result in a particular type of triggering

into nonlinear instability.

It is interesting in this connection to observe that this
effect may be particularly intense in the region immediately adjacent to the
injector where one can expect droplets and vapors to be present in abundance,
and in very unmixed conditions. Thus, it is clear that in the use of baffles
and liners there must be a consideration of the combustion distribution in the
chamber. In general, it has been found that for tangential modes the oscilla-
tion amplitudes are greatest at the injection end of the chamber, combustion
rates are maximum a few inches from the injector and coupling between the
combustion process and tangential waves is greatest in the outer regions of
the injector face. If the chamber volume is subdivided by baffles, the
dimensions of the cavities between baffles determine the period of oscillation.
Combining these principles, it is concluded that if baffles are to be used to

control tangential modes they must be placed at the injector end, they must
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protect the preparation zone found in the first few inches downstream of the
injector, they must extend as close as possible to the chamber wall, and the
circumferential blade spacing must be small enough to prevent cavity modes
from existing. Similarly, acoustic liner orifices are most effective near the
injector end of the chamber, and liner absorption characteristics must be
designed to match the resonance properties of the chamber and the combustion

process, as described by the sensitive time lag theory.

3. Development of the Sensitive Time Lag Theory

The historical background of the development of the sensitive
time lag theory is important to the understanding of the concepts described in
the preceding section. The earliest published paper on combustion instability
theory was that of Gunder and Friant (Ref 3) in 1950, with a subsequent discus-
sion by Yachter (Ref 4). Probably the most important contribution of these
early treatments was the introduction of the concept of a combustion time lag
(conceived independently, but not published, by other groups) between the
instant of injection of a propellant element and the succeeding instant of
burning, in which the propellant element is transformed into hot gas capable

of contributing to the chamber pressure.

Interest at Princeton University in the problem of combustion
instability in liquid propellant rocket motors was given impetus by a Bureau
of Aeronautics Symposium held at the Naval Research Laboratory in December,
1950. This interest resulted in theoretical analyses by Professors Summerfield

and Crocco.

Professor Summerfield's work (Ref 5) considered the effects of
inertia in the propellant feed lines and the capacitance of the combustion
chamber, assuming a constant combustion time lag. His analysis treated the

case of low frequency oscillations for frequencies up to about 200 cps.
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Professor Crocco advanced the concept of the pressure
dependence of the combustion time lag. His paper (Ref 1) presented the
fundamentals resulting from this concept. In his paper, Crocco treated the
case of low frequency instability in a bipropellant rocket, and also the case
of high frequency instability with combustion concentrated at the injector

end of the combustion chamber.

The analytical work on the high frequency case was continued
by S. I. Cheng under the direction of Professor Crocco. His studies of the
effects of the axial distribution of combustion (on the longitudinal modes)
were published as his Ph.D. thesis. A thorough discussion of these and other
aspects of the theory was published by Crocco and Cheng in 1956 as an AGARD
monograph (Ref 6). The general theories of low and longitudinal high frequency
instability, the effects of the combustion distribution, the influence of the
exhaust mnozzle, as well as the (scarce) experimental evidence substantiating
the analyses were all discussed at length. A brief discussion of the trans-
verse modes of combustion instability was included, and general adherence

to the sensitive time lag model was predicted.

The extension to the transverse modes was initiated by
S. M. Scala (Ref 7). Following Crocco's pressure dependence model, he determined
the fundamental behavior of the transverse modes, including the influence of
the nozzle. In addition, Scala treated the case of intermediate frequency
instability, in which the coupling mechanism consists of entropy perturbatioms,
generated by off-design mixture ratio combustion, which reflect from the nozzle
as pressure waves and propagate back to the injector to cause perturbations in

the injection rates.
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The study of transverse instability was continued by

F. H. Reardon (Ref 8), who developed several extensions to the basic theory
to explain certain experimental results (which are discussed in the following
section). The sensitive time lag concept was extended to include sensitivity
to the transverse components of the oscillating gas velocity. The effect on
the combustion rate was visualized in the oscillatory displacement of the
vapors of one propellant with respect to the liquid droplets of the other.

In addition, Reardon introduced an approximate treatment of the effects of
nonuniform distribution of propellant injection on the transverse modes, and
applied the modified theory to a sector-shaped combustor, which simulates the

"socket-mode" behavior of a baffled chamber.
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4, Theory

a. General Approach

The simplifying assumptions on which the mathematical

treatment of combustion instability is based are the following:

(1) The substance contained in the combustion chamber
is either in the form of liquid propellants, of practically zero volume, or
in the form of complete combustion gases. It will be noticed that this assump-
tion disregards the contribution of the propellants in vapor form, and of the
intermediate products of combustion. Hence the assumption is equivalent to
saying that not only the liquids, but also the vapors and the intermediates
occupy a negligible volume compared to the final produéts of combustion. This
assumption (first used by Crocco in Ref. 1) is actually in agreement with the
step-function cowbustion model discussed in Section I. Even more important,
it represents quite well the actual conditions in rockets where indeed, with
the exception of the region immediately adjacent to the injector, practically
‘the same gas temperature is observed throughout the chamber. Of course, it
is clear that the above is true when using liquid propellants, and not for the
combustion of gaseous propellants. The difference is that while in the latter
case there is a constant mass flux with energy addition, in the case of liquid
propellants the gas flow has a variable mass flux with energy addition being

produced through an addition of mass to the gaseous flow.

(2) The combustion gases are of constant composition,

they obey the perfect gas law and have constant specific heats.

(3) Frictional effects on the walls are neglected, and

only those are taken into account which result in the liquid droplet drag.
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Also, Reynolds stresses associated with the high turbulence level caused by
combustion are neglected, in spite of the fact that they may play an important

role with respect to the uniformity assumption (Assumption 5).

(4) The flow of injected propellants is unaffected by
oscillations in the chamber, and hence the injection flux and velocity are
always the same as in steady conditions. This assumption is not necessarily
verified in actual rockets where, especially for large rockets, the possibility
of matching the wave propagation times in the feed lines and in the chamber
may lead to interactions. However, the assumption is rather good if matching
is avoided, and substantially simplifies the treatment by making the chamber
behavior independent of the feed system varieties and complexities. The
resulting instability problem has been termed "intrinsic instability" of the

combustion chamber.

(5) The steady-state gas flow is uniform across any
chanber section. This is possible partly because the previous assumption
allows the boundary layer formation on the walls to be disregarded. However,
it involves more. For instance, it would require the injected propellants to
be uniformly distributed so as to produce no recirculation. Of course, this
is not the actual situation, and the uniform flow considered in the theory
should be interpreted as an average flow from which the actual flow can depart
substantially if the injection is far from being uniform. For large rockets
the injection systems are generally rather uniform, and hence the uniformity
assumption can be quite accurate. However, it will be seen in the following
that transverse stability conditions can be improved by using particular non-
uniform injection systems. It 1s felt that the contradiction that results in
these cases is not very important for not too large flowrMach numbers because

of the strongly equalizing effects of the high turbulence due to combustion.
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(6) 1In steady-state, the total energy (internal and
kinetic) of the droplets remains constant. Obviously this is not exactly true,
because of the heat exchanges affecting the internal energy and the droplet
drag affecting the kinetic energy in ways that are not so simply related. The
assumption has, however, the advantage of providing a substantial simplifica-
tion of the treatment, and it is believed not to hide any of the fundamental

effects.

(7) The steady-state flow in the nozzle is one-dimensional.
Although not true, this assumption is known to result in very accurate predic-
tions concerning the steady flow itself. Here, however, the same assumption
is extended to the treatment of the oscillatory nozzle flow obtained when the
steady flow is perturbed. It should be observed that this assumption is con-

sistent with that of uniform steady flow in the chamber (Assumption 5).

(8) The unsteady, oscillatory quantities in the chamber
and in the nozzle can be obtained by superposing small perturbations to the
steady-state quantities. By "'small" is meant as usual, that only 'linear"
(first order) terms in the perturbations are to be retained, while terms
containing products or powers of perturbations (second and higher order) are
to be neglected. The great advantage of this assumption is of a mathematical
nature, since the resulting equations, being linear, can be treated in a much
simpler way. One of the simplications is that a harmonic time dependence can
be chosen, as discussed under Assumption 10. But, of course, the disadvantage
is that only the linear effects can be accounted for, all the nonlinear effects
being left out. Under the small perturbation assumption only the 'linear"

stability problem can be attacked.
(9) The gas flow Mach number is always sufficiently small

so that the square can be neglected compared to unity. Because of this assump-

tion, the analysis cannot be applied to thrust chambers in which the Mach
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reference length, which is the chamber radius for transverse modes. (The chamber

length is generally used for longitudinal modes). The governing equations take
the following forms:
Conservation of mass,
ap
3p . = Q= —Z_ 7.
s TV (k) = Q 5t~ Vot (opap) (1
> ->
Conservation of momentum,
24 1
par+pq'Vq+;Vp=(Q+»<pL) (q;~ 9) (2)
> > >
Conservation of energy,
Bh _R
.v Lad ~—' = -
P gt pa Thy - Q (h,_ - h) 3
Equation of state for the gas,
p = pT (4)
Droplet drag (gas/liquid momentum interchange) using Stokes law,
9q
=L . - -
Tty 0 Vag = < (@ - qp) (5)
> > -
And droplet energy,
oh
Ls -~
T 4+ EL v th = 0 (6)
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The symbols used in these equations are defined in

Section I.D.

It is necessary to express the governing equations,
(1) to (6), in steady state form and perturbed form. The separation is
accomplished by writing all the dependent variables, as the sum of a steady

state solution and an unsteady solution. For example,

— ot
p=p+p'e (7)

It is noted that the perturbed portion of each

parameter is harmonic with respect to time.
(2) Steady State Equations

The steady state solution is assumed to be one
dimensional although the perturbations are considered in three dimensions.
Therefore, the steady state vectorial components of gas velocity, q and liquid

velocity, qq, are given by the following relationships:

qQ=u,q =u
> >
Vew=v, =W =0 ®)

where u, u; are the axial components, v, v, are the radial components, and

w, w,. are the tangential components of q, 2L.
-3

L
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Substituting the relationships given by (7) and (8) into (1) to (6) and
neglecting the time dependence yields the following system of steady state
equations:

Conservation of mass

&S G =0--3 G ) (92)

Conservation of momentum

d -2y, d =22 __1d
@z P ) g bry) =y (9%)
Conservation of energy
dn _
—-— Ty e
pu—m=-0Q ( s th) V)
Equation of state (gas)
p=0pT (94)
Droplet drag
_ duy _
u gy =K (u - uL) (9e)
Droplet energy
dh,
Ls _
az - ° (9£)
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It should be noted that at Z=0, u = 0 and ;'= p=1
because of the nondimensionalizing scheme. At Z = LC, combustion is assumed to

be complete so that Ei =0 and Q = O.
(3) The Perturbation Equations: Wave Equations

The perturbed equations are considered in three
dimensional form in cylindrical coordinates and the resulting system of
equations is linearized. That is, the perturbed quantities are considered to
be small, and therefore, all products of two or more perturbed terms are
considered to be zero. Substituting equations (7) and (8) into equations (1)

to (6) yields the following system of equations.

duy v =0 dp v = v v
(o+dzp+uaz+dzu +p(ar+
1 ' ou' -
+;-——-—g‘g +——-a‘7f) =Q (Pp' + Rv' + Tw'") (11a)
where
P=n (1-e—0T) R=1 (1—e~0T) = 1r P,and T =1 (l—e—GT) = iﬁ 1%
b r n .3 6 n
Conservation of axial momentum
—_ d_ 30"
- "".(_i_li [ - - __u_]:_l_ [ '_'2 aB' _2 pL
(ou + 2u dZ) p' + (ouL + 2 L 3z ) Py, +u 52—-+ u T
— ~ du, dp.
- _.du _-(_1‘9‘ ' —— o —_—
+ + 2p =5 + + — —=) u
(op 2p iz 2u dZ) u (opL + 2p 17 + 2uL 1z ) up
ou!
— — Ju' — - L, —— ,ov' v! 1 ow'
20wt 2oy vt ou Gt D)
v v! ow!
- = . L, L 1L _ _13p"
T Ot YT TR T Ty 5z (11b)

*Equation 10 is an intermediate step deleted during revision.
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Conservation of radial momentum

— — — d?)-
=, —du  —dpy oo = 47 du = Ly
(op +p gz tugy) v * (oo, +op gz +u, 3 v
- ', - = Bvi 1 3p'
teug etz T T Y
Conservation of tangential momentum
— — du. dp
du doy o ~ _L L
(op + p T u dz) w' + (opL top g tu ) v
) 1 ap’
te U e 32 T T YT e

Conservation of energy and equation of state, combined

¥

(Gr+Q-ulD) o' 45U (D T (G + T+ g W

3
9Z

—— 2 ou' o,=_=—4dp
-O-D) o wi = rta-ug) e+

Droplet dynamics

.. _ K
defining K = o
and £ = (kto) f gg
Yy,
then
Z du. Z
o= v K _-¢ L &, - E@L
up Ku — f 47 eu dz -+ f up 57
up 0 0
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Z
- - ]
Vi =K (1-e %) v' -k e ? [ e & gz (11g)
L 0 oZ
Z 1
w! =K (l—e-g) w' - K e_g f eg o dz (11h)
L 0 oZ

— &E '
(o + %%) o' + (0 + EEL) pi + u éﬂ—'+

: av! v!
— Joav' v, 1 w' , du'l — L L
A A _— — — —
e or + r + r 36 + 3 ] + L T + r
1 ow! Bvi QE d;i
T W ' — .
~+ 7 56 + "z + iz u + az uL 0 (111)

In general, separation of variables is not possible

with these equations. A solution can be obtained by writing each quantity in

a series such that each successive term in the series is less than its prede-

cessor. Therefore, the pressure perturbation is written in the form

p'=p0+pl+p2+p3+...pn+... (12)

where P, can assume any magnitude within the restrictions of the analysis.
~2 . —n
Then Py = 0 (ue . po)* > Py = 0 (ue PO) and p,= 0 (ue .

pO) where Eé is
essentially the chamber Mach number.

Applying this approach to equations (1la)
through (11i), collecting terms of like order, and solving for the pressure

results in wave equations for Py and pl:

0" by - v By = O (132)

* This notation is used to indicate the order of magnitude of a given parameter.
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2 = 1 %%
0" p, =V py =0V Q(Ppy - R—= 5~
oyp
ap - = p
1 —0y _ du -1y 2 x L
oYpb o}

For a cylindrical chamber the solutions of (13a) and (13b) are given by

Py (z, r, e)=POO cosh @ Z) (r) © (©)

P, (z, r, 6)-Poo (Pll P+ IiO) v (r) © (©)

where
p (x) = 3, (s\)n * 1)
cos v B STANDING MODE
o (0) v
eV SPINNING MODE

(13b)

(15a) *

(15b)

(15¢)

(154d)

and Jv represents the Bessel function of the first kind of order v (see Table I)

Also,
1 1 z
P =% (-ov A +-LB + jﬁ-c ) [ Q () sinh [2 (Z-7)] dt
11 Y/ vn n vn  n vn 0
where
92 = 02 + 52
vn

the factors A, B and C _ are discussed in Section B.4.b.(5).
vn vn vn

* Equation 14 is an intermediate step deleted during revision.
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Z
T =5 {(Y-l) [ Q(x) sinh [ (z-2)] dg (15£)

0
Z —
+2 f % () sinh [Q (Z-7)] dt

o

Z

+59 [ PL (¢) sinh [0 (2-7)] dc}
0 o

These solutions depend on the following boundary

conditions:

To complete the analysis, the combustion terms must
be considered in detail, and the boundary condition at the nozzle entrance

(viz., the nozzle admittance condition) must be specified.

For an annular chamber the modification to the
cylindrical chamber analysis imposed by the annular geometry enters through
the solution for ¥ (r). The differential equation for y (r) is the classic

Bessel equation which results in the following general solution:
wvn (xr) = ClJv (s\)n +r) + CZYV(Svn *r) (16)

where Jv is the Bessel function of the first kind, Yv is the Bessel function
of the second kind, and Svn (where v specifies the order of the Bessel equation)
is the transverse acoustic mode number. Specifically, this means that at all

chamber walls
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— =9 (16a)

Applying this condition to (16) yields

C
b _ = Tt _._2_ ! .
wv = 0 Jv (svn' rc) + Cl Yv (s\)n rc) a7

at the outer wall, r, = 1, equation (17) reduces to

c

t __2_ ' =
Jv (Svn) + Cl'Yv (Svn) 0 . (18)

For the cylindrical chamber case, equation (18) reduces to
t =
J (Svn) 0 (19)

since B must be zero because Yv becomes infinite at r = 0. The solution of
equation (19) serves to define the transverse acoustic mode number, Svn’ for

cylindrical combustion chambers.

The annular chamber has its inner wall located in

the range O<ri<l. Therefore, for the inner wall, equation (17) is written:

C

¥ ° -—g v L3 = = ‘
Jv (s\)n r) + Cl Yv <Svn r) 0, @« r, (20)

whereas at the outer wall, r = 1 and equation (18) is still applicable.

Solution of (18) and (20) simultaneously yields

J; (Svn) Y; (s\)n « R) - J; (s\)n * R) Y; (Svn) = Q0 (21n)
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The solution of equation (21) defines the transverse acoustic mode number, svn’
for annular chambers. Fortunately, equation (21) has been solved in

Reference (9) and the values of Son ore listed as a function of R,where R =

ri/ro,on Table ITI.,

Thus the use of an annular chamber will alter the
frequencies of the transverse modes. The extent of the alteration is illustrated
in Figure 9. In addition, radial injection distribution effects will be
minimized by the use of the annular chamber so that in most cases the distri-

bution coefficients Avn’ an, and C\)n can be assumed to be unity.
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TABLE II

BESSEL FUNCTION VALUE (Svn) FOR TANGENTIAL MODES IN ANNULAR CHAMBERS
ann

Annular
Chamber Geometry

Tangential Modes

(Radius) Inner 1T 2T 3T 4T 5T 6T
(Radius) Outer

0.910 (s\m)ann = 1.04802 2.09602 3.14401 4.19197 5.23989 6.28778
0.833 1.092 2.1846  3.27672 4.368 5.4588 6.5496
0.667 1.209 2.412 3.61 4.80 5.98 7.14
0.500 1.35 2.68 3.98 5.18 6.34 7.45
0.400 1.41 2.85 4.10 5.27 6.40 7.5
0.333 1.54 2.91 4.17 5.31 6.42 7.5
0.286 1.60  2.99 4.18 5.31 6.42 7.5
0.250 1.64 3.00 4.18 5.31 6.42 7.5
0.222 1.67 3.02 4.18 5.31 6.42 7.5
0.200 1.70 3.025 4.18 5.31  6.42 7.5
CNW
NOTE : 1. Figur? 9 gives the frequency ?atio viz, (s )annular
for different chamber geometries. vn cylindrical

2. Calculation of annular chamber tangential frequencies

fx = annular

& ~

Cs (=40 12J
2n r®

C

Reference: Bridge and Angrist, "Math. of Computation, 16, 78," April 1962.
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Figure 9 —-- Tangential Mode Acoustic Frequencies for Annular Chambers
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T, B, Technical Description (cont.)
(4) Combustion Response
(a) General Formulation

In Equation 1lla combustion terms are written.
It is necessary now to provide a mathematical formulation for the combustion
terms in the flow equations in terms of the chamber conditions. As discussed
previously our quantitative understanding of the actual combustion processes
is not sufficient to provide a mathematical model. Fortunately the heuristic
formulation based on the sensitive time lag concept seems to provide a good
representation of the actual combustion response. The relation between time
lag and burning rate is immediately found by considering that the fraction
of propellant burning at a certain station in a time interval dt must have
been injected during the interval d(t - TT). If, then ﬁb and ﬁi are the

corresponding burning and injection rates we must have
mnodt =m, d(t - 7
mbd ml ( T)

In steady-state Ty does not vary with time, and hence, if the injection

rate is unaffected by the oscillations
A, - %
i

From these two relations we obtain the fractional perturbation of the

burning rate in the form

mb ) mb aTT -dT
= T o T Ty T @ (22)

By fy,
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I, B, Technical Description (cont.)

where, in accordance with the definition of sensitive time lag, the variation
of Tp with time is entirely due to the variation of 1, and where 1 has
been assumed to be the same for all propellant elements, and hence independent

of the space coordinates.

Turning to the evaluation of dr/dt, a
satisfactory mathematical description is obtained if one imagines that during
the sensitive time lag certain preparatory processes, which need not be more
precisely defined, take place at a rate depending on the local, instantaneous
values of quantities representing the state and the motion of the gas and
droplets. When these preparatory processes, integrated over the duration of
the sensitive time lag, reach a certain fixed level, the conversion into hot
gases takes place abruptly. It is clear, then, that when the state and the
motion conditions vary, also the duration of the sensitive (and hence, the

total) time lag will vary, resulting in a variable rate of gas production.

The quantitative formulation follows at once.
If the rate of the preparatory processes is given by a function £ (p, T, v,....
of the pertinent values of the pressure, temperature, any representative
velocity v (for instance the radial gas velocity) and possibly other quantities
representing the conditions in the chamber, the sensitive time lag Tt for

an element burning at time t will be given by the equation

£
v f £ (p, T, v, ....)dt1 = const.
t-T

where tl represents the burning time. Here the values of p, T, v, ....
must be evaluated not only at time ts but also at the position where the
particular propellant element finds itself at that time. Since the above
relation must be satisfied also in steady operation, indicating the steady-

state quantities with a superimposed bar we must have
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I, B, Technical Description (cont.)

t t
{_T £ (ps T, v, ...0) dby = {_— £(p, T, v, «...)dey . (23)
Now we introduce the perturbations, such that
p=p+p,T=T+T,v=v+v ....
and expand the rate function in a Taylor series
— — —— ' —
f(p, T, v, ....)=f+fp p'+fTT+fvv'+....
where £ = f(p, T, V, ....) and similarly for the partial derivatives fé,

fT’ f; of f with respect to the subscripts. Observe that, under the small
perturbations assumption, the Taylor series must be stopped after the first

order terms.

If it is assumed that the temperature is a
function only of the pressure (for instance, through the isentropic defining
relation) T' = p' (dT/dp). Then, defining the nondimensional interaction

indices n, 1, .... as

f + £ (dT/dp)
n = P E_ s 1 =

£

£ ‘
< ... (24)
£

f(py, Ty Vy cove) = f @A+ np' +lv'+ ....)

and Equation (23) can be written in the form
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I, B, Technical Description (cont.)

t-T t
f f (L + np' +1v' + ....,)dt1 + f _f@ + np' +1v' + ....)dtl
t-T . t-1
£t _
= £ dt,
t-T

Here the integration interval at the L.H.S. of Equation (23) has been split
into two parts. The first interval, from t - T to t - T is of duration

T - 17 and hence of the order of the perturbation of the time lag. Hence,
compared with the other two integrals, the first integral is of the order

of a perturbation. As a result in its evaluation one can disregard in the
integrand the terms containing the perturbations which, in view of the small
perturbation assumption, would result in a negligible second order contri-

bution. Then, simplifying, the above equation becomes

t t
/ £dt, =] f(np' + 1v' + ....)dt
t

t -1 -1 1

In the combustion zone S'is~approximate1y constant, and if v is the radial

gas velocity, so that v = 0 then f-(S; v) is a constant, and so are n and 1.

Then we obtain simply

t t
- 1
T-t=1n [ _ pdtl+lf__v'dtl+...
t-1 t-T

or, differentiating with respect to t
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I, B, Technical Description (cont.)

- S5 =n {p‘ () = p' (¢ - ?31 +=11[v‘(t) - v' (v - ;}1 + oo (25)
L o k .J

Again, it must be specified that while p'(t) is evaluated at the conversion
instant t at the location where the conversion takes place, p'(t - ;3 must
be evaluated not only at time t - ;; but also at the location where the
propellant was at that time. However, the displacement of the propellant
during the time ;-produces an effect of second order in the expression (25).
As a reasonable approximation, therefore, both p'(t) and p'(t - T) can be
evaluated at the station when the conversion into burned gases takes place.
And, of course, the same applies to the velocity effect in Equation (25),

and to other possible effects.

In Equation (25) only the pressure sensitivity
and the radial velocity sensitivity are explicitly considered. Concerning
the last it must be added that other components of the gas velocity can be
treated in exactly the same fashion. If one is interested, for instance,
in the effect of the transverse non-uniformity of the gas composition,
then also the tangential velocity component is relevant, and correspondingly
another velocity sensitive term must appear in Equation (25), which becomes,
in the absence of other interactions

,%“ti = n {p'(t) —p'(t~?)] +1, [v'(t) - v (t-?)] (26)

+ 1 {w'(t) -w' (¢t - ?)}

It must be observed that, actually, when only the
effects of the nonuniform gas composition on the burning rate are sought,

what counts is the displacement of the gases with vespect to the droplets,
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1, B, Technical Description (cont.)

rather than the relative velocity. This can be formalized by writing,

for instance, instead of (26),

l

dt n [ p' (t) - p; (t - E)] + m_ [ d'r(t) - G'r(t - ;)]

+m [G‘e (£ - 8", (t -‘{)J 27)

where m, and m, are two displacement indices relative to the radial and

6
tangential displacements 6r, 66 respectively. The two formulations (26)
and (27) are closely correlated, because of the relations existing between

velocities and displacements.

If the time dependence of the perturbations in

Equations (26) and (27) is taken to be exp (st), the combined effect is:

dt _ ; ' : '
_.E.E__(Pp'+va'+TVW)or~(Pp'+RG §' +Ts 8% (28)

where the quantities defined by

R T -
E:-’%——-: %zh—{(}—: m—£=lweOT, (g:}\-l-iw) (29)
b3 6 r 6

are, in view of (22), to be interpreted as feedback factors. In this case

the relation between velocities and displacements is simply v' = cé‘r,

w' = ¢8', so that the same expression can be used for - él-for velocity
8 dt

or displacement effects if Rg is equivalent to OR and T6 is equivalent to
oT,

(b) Velocity Sensitive Combustion

It is desirable to take a closer look at

the dynamic aspects of velocity sensitive combustion. The most significant
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I, B, Technical Description (cont.)

velocity effects are those resulting from the radial and tangential components
of the gas velocity perturbation. In the case of purely transverse modes,

the longitudinal velocity perturbation component is always much smaller than
the transverse components. In addition, the longitudinal component vanishes
at the injector face and has its smallest magnitude in the early combustion
zone, the region which appears to have the greatest significance for trans-
verse modes. It is possible that in certain combustion chambers the axial
spreading of the combustion will result in sizable longitudinal velocity
oscillations for higher order longitudinal or combined transverse-longitudinal
modes. However, in such cases the pressure perturbation will become
correspondingly small in that region, thus, the decreased pressure effect

will cancel the increased velocity effect. In the present analysis, therefore,
only the effects of the transverse velocity oscillations will be considered

in the combustion response.

Of the various intermediate processes occurring
during the combustion of liquid bipropellants, those most sensitive to velocity
are the vaporization of the liquid droplets and the mixing of the vaporized
propellants that must precede chemical reaction. The theoretical study of
unsteady vaporization by Wieber and Mickelsen (Ref. 10) indicates that the
evaporation rate is dependent on the absolute magnitude of the relative
velocity between droplet and gas; therefore, the vaporization velocity effect
is seen to be essentially nonlinear, and cannot be treated within the frame-
work of a linearized theory. On the other hand, the mixing of the propellants
by the oscillating velocities may be linearized, and gives rise to important
modifications of the stability behavior of a combustor. Although no detailed
description of such a complex phenomenon is now possible, the following
discussion illustrates one process by which the burning rate may be caused

to oscillate by an oscillating transverse gas velocity.
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I, B, Technical Description {cont.)

Consider first the mixture of gaseous combustion
products, vaporized propellants (oxidizer and fuel), and liquid propellant
droplets at some axial station downstream from a fuel-on-oxidizer impinging
doublet injector element. Since liquid mixing is imperfect, some stratifica-
tion will exist in the mixture. For concreteness, assume that the line of
centers of the doublet is aligned tangentially (i.e., normal to a radius).
Then the stratification is almost entirely in the tangential direction, as
shown schematically in Figure 10 by the lines of constant mass fraction of
vaporized oxidizer in the mixture YX. The exact shape of the constant Yx
contours will be dependent on the injector design, operating conditions,
and propellant characteristics. Because of the turbulence in the combustion

chamber, the stratification pattern shown represents only a mean condition.

As a droplet evaporates, the vapor diffuses
away and must mix with the other vaporized propellant in the propellant
proportions for chemical reaction. 1In a rocket combustor, the transport
and mixing are most likely to be carried out by turbulence rather than by
molecular diffusion. The overall burning rate of a fuel-rich droplet will,
therefore, be a function of the amount of oxidizer vapor near the droplet.

In the presence of small, periodic tangential gas velocity oscillations

' iwt

e ) the gaseous mixture will be displaced relative to the droplets,

causing oscillations of the local mass fractions of both oxidizer and fuel.
Since a fuelbdroplet is in an oxidant-deficient region, a velocity perturbation
which increases the oxidizer fraction in the vicinity of the droplet will
increase the contribution of that droplet to the overall burning rate. The
opposite is true for an oxidizer-rich droplet subject to the same perturbation,
since an oxidizer fraction increase corresponds to a fuel fraction decrease.
Thus, the effects of the same velocity perturbation on the two droplets will
tend to cancel, unless the propellants have significantly different vapori-
zation rates. In the latter case, at any axial station, there will be a

greater number of droplets of the less-volatile propellant, and summation
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Figure 10 -- Sprays Produced by Various Orientations of the Injector Spud
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I, B, Technical Description (cont.)}

of the velocity effect over all of the droplets in the spray will result
in a net contribution to the burning rate. This contribution will clearly
depend on the amplitude of the velocity as well as its direction. For
small perturbations, and for the doublet spray shown in Figure 10a, the
burning rate contribution can be written in the form

iwt
f' = lW'e

where 1 is a velocity interaction index analogous to the pressure inter-
action index defined by Crocco. In the case of an arbitrarily oriented
spray, such as shown in Figure 10b, the burning rate perturbation due to
velocity effects becomes

£ = (Q_v' + lew')elwt (30)

so that, in general, two velocity indices are necessary.

It is clear that this linearized expression
will not be valid for all types of injection patterns. For example,
approximately linear effects can be expected with a fuel-on-oxidizer doublet
and for a like-on—like pattern if the spacing between unlike fans is
sufficiently small. However, for large spacings, nonlinear velocity effects

must be taken into consideration.

At present, the magnitudes of the velocity
indices cannot be calculated because of the lack of quantitative knowledge
of the processes involved in liquid propellant combustion under turbulent

conditions.
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It is also possible to formulate the above
discussion in terms of displacement interaction indices. Letting the radial
iw

iwt
and transverse components of the displacements be é're t and 6'6e , the net

combustion process rate perturbation can be written

iwt

| . 7 ]
f! = cnrs L T mgd e)e 31

It is clear that m, = iwlr m, = iwle. Thus, the displacement indices present

9
at 90° phase shift with respect to the velocity indices.

The analysis of the effects of velocity
(or displacement) sensitivity on the stability of a combustor is considerably
simplified by assuming that the velocity effects occur during the same time
interval (the sensitive time lag) as the pressure effects. In this case,

the burning rate perturbation becomes

Q' ;E(Pp' +Rv' +Tw'") (32)
where

P=n (- °V)

R=1_ (1-¢ %1y

T=1 (1-e°%

‘ In equation (32), additional simplifications
have been introduced by assuming that all propellant elements have equal
mean sensitive time lags, and that the space lag associated with the sensitive
time lag is a negligible fraction of the wave length. In general, of course,
the mean sensitive time lag varies from one propellant element to another.
Crocco and Cheng have shown that this nonuniformity of the sensitive time lag
leads to increased stability of the combustor. Therefore, the assumption

of a uniform time lag produces a conservative stability prediction.
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It would be possible to generalize the burning
rate expression to allow for different time lags for pressure and velocity
effects. However, both mathematical and physical considerations indicate

the desirability of the simpler formulation.

(c) Approximate Treatment of Nonlinear Combustion
Response

Nonlinearities associated with oscillatory
combustion chamber operation can derive from two sources: (1) the fluid
mechanical behavior of the gases in the chamber, and (2) the dynamics of the
combustion process. It is clear that significant interactions between the
two kinds can also occur. The studies of Priem and Guentert have shown that
combustion process nonlinearities can be important even for oscillation ampli-
tudes less than 20% of the mean chamber pressure, Thus, it is worthwhile to
consider nonlinearity of the combustion response while retaining the linearized

fluid mechanical analysis with its attendant simplification.

To insert the nonlinear combustion dynamics
into the framework of the linear theory, some method of equivalent lineariza-
tion must be used. The method selected in this analysis is the 'describing

function" method.

When a sinusoidal signal is input to a
nonlinear element, the output will not, in general, be sinusoidal. Fourier
analysis of the output will reveal many frequency components, among which

is one (the fundamental) that corresponds to the frequency of the input signal.
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For the analysis of stability, only the fundamental frequency component is
required, as shown by Reardon (Ref 8). An equivalent linear transfer function
for the nonlinear element can be defined as the ratio of the fundamental
component of the output to the input. Thus, if

I(t) = Te Wt

is the input, and

o(t) = 0, (wf)eiwft + zojelj‘”ft (33)
i#1

is the output, the equivalent linear transfer function is

0, (w,)
_1f
TF = ——E—~—

For nonlinearities that can be treated by
this method, linear behavior is obtained for limiting values of the input (e.g.,
I>0 or I»w)., It is convenient to define a '"describing function" F as

F(w) = TF/(TF) (34)

LIM

where (TF) is the limiting linear transfer function. Thus, a linear

LIM
analysis can be extended to include isolated nonlinear effects by replacing

the linear transfer function of the nonlinear element by F(w) . (TF)LIM.

In applying this approach to the combustion

instability problem, it is assumed that the only significant nonlinearities
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I, B, Technical Description (cont.)

are those associated with the response of the combustion process to pressure
and.velocity perturbations. Three describing functions are required,
corresponding to the combustion response to pressure, radial velocity, and
tangential velocity perturbations. Thus, the combustion rate perturbation

becomes
Q' =Q [FP(pw Pp! + Fp(v') Rv' + Fy (w') TW'J (35)

In the above expression, the dependence of the describing functions on the
perturbation (input) amplitude is shown explicitly. This dependence on
amplitude introduces complications into the solution of the perturbation
equations. In general, the input amplitude is a function of the axial, as
well as the transverse, space coordinate. To obtain a solution, it is
necessary to introduce the additional simplification of neglecting the

axial variation of perturbation amplitude in the evaluation of the describing
function. For purely transverse modes, this is not an unreasonable
approximation, and it breaks down significantly only for higher-order
longitudinal modes. The error made by using the perturbation amplitudes

at the injector face will be small.

To calculate the describing functions, it
is necessary to know the shape of the combustion response to each perturbation.
Since it is assumed that the effects are independent of each other, the

burning rate perturbation can be written

O

= ¢p @'Y +6, ') + 8,

Oll
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The procedure for calculating each describing function is the same; there-
fore, it is necessary only to discuss one, say, the pressure-effect describing

function.

The input perturbation is p' = Po cosy
where X = wt and, from Fourier analysis the fundamental term of the output

series is

1 C+r
p (Po) ) é_ ¢P(PO cosx)e_ix dy

Thus, the describing function is given by

1 fC+ﬂ ~1y
F, = - 3. (P cosXe dy (36)
P wPO(TF)LIM C—1 PYo
In the expressions above, C is an arbitrary constant, and (TF) is a

LIM
suitable normalizing factor, such that F+1 for equivalent linear operation.

The choice of (TF) depends on the characteristics of each nonlinear

LIM
response function, and a general rule does not appear feasible.

The describing function method applies well
to nonlinearities with odd symmetry (Figure 1la). It is not applicable to
response functions with even symmetry, such as the velocity effect on
vaporization, since there is no contribution to the fundamental term of the
Fourier series. An intermediate case is that of asymmetric response
function (Figure 11b). In this case, there will be a significant contribution
to the fundamental oscillation, but a change in the mean burning rate as well.
This change in the mean burning rate occurs only during the sensitive portion
of the total time lag and so will have a negligible influence on the steady

state solution.
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In general, the describing function is
complex; that is, the nonlinear combustion response introduces a phase
shift as well as an amplitude change. However, for response functions with
odd symmetry, the fundamental component of the output is in phase with the

input, so that the describing function is real.

(5) Effect of Non-Uniform Injection

The non-uniformity of mass injection in the

r and 8 direction can be characterized by a burning rate distribution function

n(r, 6) which is the ratio of the local injection density to the mean injection

density so that

1 2w
T o= f f pwrdrdé.
o0

When y is multiplied by 6>in equations 13b terms on the right hand side are
known functions of r and 6 as well as Z. The solution of this type of
inhomogeneous differential equation can be expressed as a Bessel-Fourier

series as follows:

= + +
Py (AVn Pavn + an van + Cvn Pcvn .Pd> an ev
v (A P +B P +C P )Y v 9
pq apq pq bpg Pq cpg” ‘pqg P
p# v
q # n

where the subscript a indicates pressure effects (associated with P) b
radial velocity effects (associated with R), c tangential velocity effects

(associated with 7) and d damping effects (which are independent of r and 6).
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When the orthogonality property of the functions Y and 6 is used on the

system characteristic equation the coefficients A B n and C\)n are found

vn® “v
to be:

12w 2
f u(r,0) ¥ - evev* r dr dé
0

o -

27 2
f f Yon 6, 8,% r dr de
o o

1 2T avy

vn %
f of u(r,o) Ir an ev Gv r dr de6

37

vn 1 2T 9

oJ ¥ 0, 8 % r dr do

1 27 5 de
[ [ u(x,8) ¥7(r,0) 55 6,% dr de

vn 1 2T 2

J o ¥ 8, 6, T dr ds

In section I,B,7 it is seen how these coefficients affect the characteristic
equation. It should be noted that if the energy addition follows a non-
linear relationship a describing function must also be included in the above

coefficients.
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(6) Nozzle Admittance

In any rocket combustion instability analysis, it
is desirable to apply a boundary condition at the nozzle entrance to describe
the effect of the nozzle upon wave motion in the combustion chamber. 1In a
linearized analysis, this boundary condition is written in the form of an
admittance relation; that is, a linear relation between the perturbations of
two thermodynamic properties and of the velocity components. The coefficients
in this relation are termed admittance coefficients and are calculated by
means of an analysis of the oscillatory flow in the nozzle. In this section,
the analysis and numerical integration which lead to the determination of

these coefficients are discussed.

The divergent portion of the supercritical nozzle
need not be analyzed; all that is pertinent is the subsonic flow in the con-
vergent portion since any disturbances to the supersonic flow cannot propagate
upstream through the throat. Therefore, disturbances in the subsonic portion
of the nozzle and in the chamber are neither affected nor caused by distur-

bances in the supersonic region. (The opposite, however, is not true.)

To date, two types of nozzles have been analyzed:
axisymmetric designs and two-dimensional designs. The axisymmetric case is
presently the one of the most practical significance and is the one to be
discussed here. The two-dimensional case applies to thin annular chambers
and to certain experimental configurations. The analyses of the two cases

are similar; details of both are given in References 1l and 12.
The unperturbed, or steady-state, flow is con-

sidered to be one~dimensional in order to simplify the analysis. The per~

turbed flow, however, may be three-dimensional. The combustion process is
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assumed to be completed before the flow enters the nozzle so that there are
no source terms in the differential equations of motion. The equations do
allow for the occurrence of entropy waves and vorticity waves in the nozzle

due to the combustion chamber.

The three-dimensional coordinate system (Figure 12)
employs the values of the velocity potential ¢ and the stream function ¢ of

the unperturbed flow in addition to the azimuthal angle, with

= _ 99
! as
- 3

where s is the streamline direction and n is the direction normal to the
streamline. Since the value of the stream function is a constant at the
nozzle walls where the boundary conditions are applied, separation of vari-

ables is allowed.

Under the usual assumption of small-amplitude
oscillations, linear partial differential equations are obtained that govern
the perturbations. These equations are separated under the assumption that
the nozzle is sufficiently long that the cosine of the semi-angle of con~
vergence may be approximated by unity. The time and azimuthal dependencies
are given by sinusoidal functions. The radial dependencies are given in terms
of Bessel functions of the first kind and their derivatives., The axial
dependencies are related to the solution to a certain second~order linear
ordinary differential equation with complex-variable coefficients which can

only be obtained in exact form by numerical integration.
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This second order differential equation is
singular at the throat; one of the homogeneous solutions will be regular
there and the other one will be singular. The singular solution is cast
away. This procedure has been demonstrated to be equivalent to disallowing
perturbations to propagate upstream from the supersonic portion of the
nozzle (Ref 6).

It has been shown that the admittance coefficients
are functions of the solutions to certain first order equations that are
obtained by reduction of the original second order equation. So, while it
would be necessary to integrate the second-order equation in order to deter-
mine the variation of the flow properties, it is not necessary for the purpose
of determining the admittance coefficients. Since the interest lies in the
prediction of global stability characteristics and not in the details of the
flow itself, only the equations immediately needed to determine the admittance
coefficient will be presented. The derivations and additional analyses may

be found in Reference 11.

The admittance coefficients for a given geometry
are determined as functions of the axial coordinate or, equivalently, of the
local mean-flow Mach number. This implies that, when the admittance coeffi-
cient at the nozzle entrance is desired, the axial coordinate at the entrance
or the entrance Mach number must be known before the admittance coefficients

can be determined.
The linear admittance condition is given by

YU + AP + B S0m V+yCS =0 (38)
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T, B, Technical Description {(cont.)

where U, P, V, and S are the axial dependencies of the nondimensional per-
turbations of axial velocity, pressure, radial velocity, and entropy,

respectively.

The annular nozzle analysis used in this program
is based on Reference 11. It contains certain inconsistencies which should
be aired. The current analysis is an approximation to an annular nozzle

analysis which is expected to be exact for a certain case.

The cylindrical nozzle analysis postulates the
existence of streamlines and a velocity potential. The equations of motion
are written in terms of stream functions and velocity potentials. The
limits of integration in the radial direction must be written in terms of
these streamlines. TFor a conventional nozzle these limits are the nozzle
centerline and the outer wall which are both streamlines. To make an
annular analysis from the conventional nogzle analysis with a minimum of
fuss a different streamline can be chosen for the inner boundary. A new
corresponding value of s\)n can also be determined. It is clear that once
the outer boundary is chosen the number of possible inner boundaries is

severely limited to one which is a constant fraction of the outer radius.

The nozzle admittance analysis requires a table
of the square of the velocity versus the velocity potential. For a general
annular nozzle inner and outer contour this can be calculated by first calcu-
lating area ratios versus distance then velocities versus distance and the
velocity potential from velocity and distances. As this program is written
the table of velocity squared versus velocity potential is calculated for a
very general amnular nozzle configuration. It should be clear from the
discussion above that the configuration for which the admittance is obtained

is not in general the configuration assumed.
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Basic changes to the nozzle admittance analysis are

needed to rectify this limitation.
(7) Characteristic Equation

Solution of the perturbation equations gives the

pressure perturbation in the form of a Bessel-Fourier series:

PR [P @y @8 (@) +I IR @y (Do ()]

p ¥V
q #n

In this expression the indices v and n refer to the fundamental term, that is,
to the oscillatory mode under consideration. The other terms in the series
account for the distortion introduced by flow, injection distribution, velocity
effects, and nonlinear combustion response. For values of the indices p, q
different from v, n, each term in the series includes an integration constant.
However, the integration constant for the fundamental term can be shown to be
of order M3, and so can be neglected in the present analysis. The constant

Poo represents the perturbation amplitude level; in this linearized analysis,

the amplitude has no effect on the stability solution.

Since the perturbation solution is obtained in the
form of a series, the nozzle admittance boundary condition must be applied
term by term. For each p, q # v, n, the nozzle boundary condition can be
used to determine the integration constant. Application of the remaining

condition,
Y Uvn (Ze) + APvn (Ze) + stn % an (Ze) +Cy Svn (Ze) =0 (39)

results in an eigenvalue problem. That is, this equation is the character-

istic equation for the eigenvalues o = A + iw. For a given combustor geometry
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and for a given value of the combustion parameters n, T, lr and 16’ the
characteristic equation can, in principle, be used to determine the frequency

of oscillation w and the growth rate A of the perturbation amplitude.

However, since the coefficients of the character-
istic equation are function of the variable 0, it is more convenient to regard
o as one of the independent variables. Considerable simplification results if
A =0, that is, o = iw, which is interpreted physically as an oscillation,
the amplitude of which neither grows nor decays with time. The neutral condi-
tion is clearly the boundary between stable and unstable operation, and is

sometimes referred to as the stability limit.

For neutral oscillations, regarding the frequency
as an independent variable, the characteristic equation becomes a relation
between the combustion parameters. Since the equation is complex, two of the
combustion parameters can be determined in terms of the other two. It is
natural to select the sensitive time lag T and the pressure interaction index
n as the dependent variables, because these parameters are significant to all
modes of oscillation. Following this procedure, the characteristic equation

can be written in the form:

- AV V]
0 (1 - e iy o h () =h_ +1ih, . (40)

yn oYw S ovn n vn n

The solution is

o (o, 5, B = E i )
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et
—
e

v 25 D = tan T (— ) (42)

. . i . 2T
where T is determined to within an additive constant o

A typical solution for n (w) and T (w) for assumed
values of the velocity indices is shown in Figure 13. This solution applies
at the stability limits, where A = 0. It can be seen that for any value of
v only one value of n is consistent with neutral oscillations. For the same
T, a larger n corresponds to instability (A > 0) and a smaller n to stability
(A < 0). 1In the case of transverse modes, for values of n in the range of
interest (< 2), the frequency varies over a very narrow range, and is very
nearly equal to the corresponding acoustic frequency. For longitudinal modes,
both the frequency range and the departure from the acoustic-mode frequency
are somewhat larger. The narrow frequency range result is related directly
to the fact that high frequency instability involves the interaction of the
combustion chamber. The chamber acoustics are somewhat modified by the
presence of the exhaust nozzle and the mean gas flow, but a good approxima-
tion of the resonant frequencies can be made without reference to the com—

bustion effects.
(8) Longitudinal Mode Analysis

The preceding discussion is valid generally for any
mode but applies more specifically for the transverse mode analysis of this
program. The analysis of longitudinal modes is simplified considerably, with-
out losing the essential features, by assuming that the combustion is con-

centrated at a single axial station, £ If the steady-state velocity pro-

o 1°
file u (Z) is given, a combustion front location can be defined by:
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Figure 13 - Typical Solutions of n(w) and t(w)
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where Ge = u (Z = 1) is the gas velocity at the nozzle entrance.

In this analysis the combustion chamber is sepa-
rated into two regions by the combustion front. Between the injector and the
front (Region "0" where 0 < Z 5_51) there is no mean gas velocity. Liquid
propellant droplets, assumed to have negligible volume compared to the total
volume by Region "O", travel through the gases and burst instantaneously into
gaseous products at the combustion front. The (dimensionless) liquid velocity

ur is assumed to be small, so that its square is negligible, even through the

L
gas velocity in Region "1" is not restricted.

Downstream of the combustion front, in Region "1",
the steady-state gas velocity is constant and equal to the nozzle entrance
velocity. The gases in Region "O" and Region '"l'" are assumed to have the
same stagnation properties. Assuming that any kinetic energy lost by the
droplets while traveling through Region "O0" is transferred into thermal energy
of the droplets, and neglecting heat transfer and viscous effects, the com-
bustion front appears as a planar mass source, and the stagnation enthalpy

is constant in Regions "O" and "1".
The steady state equations in Region "O" yield:

P=1,T=1,p =1
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In Region "1V these equation give:

? = 1
L Y ug (uL - ue)
2
_x-1l-
1 2 Ye
T=1-Y1lg2
T=1 5 ue
- 1
p = 5
R S
1 u, Yue(uL ue)

The unsteady equations, with pressure and density

related by assuming constant entropy reduce to:

v oout
op' + 7 0
1 9p'
¥ e =
ou +Y—E~az 0 (0 < 2 < El)
p' = vp'

=}
M

Pag

U]
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Region "1"

' s —— R
op' + u, 37 + p o7 0
- - Ju' 1_ p'

op u +p U, 37 Y Y

These equations have the general periodic solutions

Region "O"
u' =¢C e”OZ + C e 9%
ro s0
p' = C e—cZ -c e—oZ
ro s0
Region ''1"
-a oZ
"o rl
u Crl e + CSl
= -a oZ
p'=E-C e rl -C
T rl
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where

1

C-u

and asl = -

0’ Crl’ CSl must be determined by the boundary con-

ditions. Two of these boundary conditions are that u' = 0 at Z = 0 and the

The coefficients C , C
TO

nozzle admittance condition:

(Z = 1)

where o is the longitudinal nozzle admittance coefficient and is in

general complex.

The remaining two boundary conditions are the
matching conditions across the combustion front. These are obtained by
writing the mass and momentum conservation equations across the combustion
front under oscillatory conditions assuming the burning rate perturbation,

Q',is given by:

oT

Q'=0n (L -e ).

The detalls of this procedure are given in Ref. 1. Once these coefficients
are obtained a characteristic equation can be written in terms of the param-
eters n, T and 0. The neutral stability boundaries can then be obtained

using the same procedure as that used for a transverse mode.
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EQUATIONS
1. Program A - Longitudinal Mode Analysis
ut = M (Z%), ﬁ;, E;*, Ky Y Gfo, LC*, aN
L ®
C
[ M (z%) dz*
o
g1 =1 - M L *
e ¢
1/2
c=[l——Y—_—lM2:l
2 e
20 ¢
b7 2 -y
¢ -
e
u®
= Lo
%
LO C
o
YL T Yo T KE;l
Me 1
LT 2 2
u R el v Vv P
L 1 5 My YMe( 1)
= 2
i
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M 2 + N 2
T, = 1
1 2 Ml
-1 N
§ = tan
n Tl - Ml
8
§ = -2
w
§ 1L %
c
T = —
C *
o
n = Tl
I 1
uLY l+€L,— Y—l—z _ 2 L
1 - ~-—-—-Me -y Me (x-1)

Evaluate n and T over a range of w.
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2. Program B Transverse Mode Analysis

Input = Syn Y, Dl(Z), rﬁ, Lz, Cg, Gio’ K, u
- _ Dl ue
Dl(Z=L )
solve d YL _ klu - uL] for o
dz a L
L
_1
5 - [l + Y"‘l az] Y-*l
2
I S
= y-1 -2y y-1 _pu
Py [u A + 5 Uy ) ~ 1
-2 = du ya P, K (u-u, )
g = La-yup dZ L "Ll
1+ ya(d - Q)

Q = (svnz _ w2)

e

du

1

‘ Le
L
g Lot L g [R(L -2)] dz
7, 2 5 ©
kK~ 4+ w o P
Sun © 1
Y, = - cosh (% LC) - Zgﬁxﬁﬁffi:;y
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Son E iQ iQ @L )
= - —— — ginh (QL
¥ ) cosh (QLC) wsinh(QLc) w c

L
E Sy K2 w ¢ pL
Y, = 1 5 == sinh [0 (L - 2)] &2

its LC._
-——2 | (y-1) [ Qsinh [0 (L, - 2)] dz
(o]

c -

+ [ 28 simh [0 (L - 2] a2
(o]

2 Lc 5
+-‘”——"———2— [ Lsinh [0 @ - 2)] dz:]
- c
kK +w 0 P

iE s Lc._
Y, = —— Q sinh [Q (LC - 2)] dz

evaluate h over a range of w
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3. Program C - Nozzle Admittance

Nozzle admittance is calculated for an axisymmetric conventional

or annular nozzle with an inner wall radius ri and outer wall radius ro.

These

radii are functions of axial distance Z from the nozzle throat which are defined

as follows:

2 2
% (7%) = R% % - JRES - 7% * *
rd (2%) = Rip, + Repg ‘/RCTO ZF s 0 2 2% < I,
* 3 * 1
where Z 1o RCTO sin og
7% - 7%
% (Z%) = R* e 2O (R ~ R% £ < 7k <
% (2%) = REp o+ oo Rérge ~ Rério)r =
20 1o
where R#% = R#% + R%* (1 - Cos oag)

STlo ATo CTo

7% = Z% 4+ (R

20 1o ) Cot OLo

& — *
S720 ~ R&r10

* o ES - -
Répoo = Rico = Rige (3 = Cos ay)

ES
- RE /ﬁégo - (zx - )%, % = %5

% (7%) =
rO(Z ) %

%
RACo

where Z o
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* * = x
o @*) RACo , 7% < 7%
30—
2 2
* % = * % — * - E3 * %
¥ (%) = Rpp + Reyy - VRE - 2, 0 <k <zf,
*
R¥epy > 0
2 0 < Z% < Z%
* = R*% * * — 7%2 = = :
vk (2) = Rfp, + Riyy + /RES - 2 ; 24
*
REo <O
® * = * =
¥ (z%) = 0, RE.. =0
k3 =
Rici = O
* —1 * 1 -
where Z1i RCTi sin o4
7% - 2%,
1
*® * = % R e * - % * *
t¥ (2%) = REyg. +ow T e, Répps ~ Rpag) 4 < ¥ 2
21 1i
* = * % —
where RSTli RATi + RCTi (1 Cos ai)

Fd
% - * - k3
2%, = Zyg + (REpp; - REpqy) Cot oy
% = £ - * —
Réog = Rigy = Rfgy (1 - Cos o)
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2 2
% %) = R* - R% % - & - 7% % %
ri (z*) R'ACi RCC:'L +“\/RCCi (ZBi Z*) ’ ZZi <2
%
RCCi > 0
2 2 Z% < 7%
% %) = R% - n% - % o 7% :
r§ (Z%) = Rfqy \/;CCi (z%; - 2%) , 2i
%
RCCi <0
% = 7% % i
where Z3i ZZi + RCCi sin ui

R*

& & * * * X
R R¥ros Rbris Ricos Rici® Rtco Rcci®

%
RATo’ X110 o and a, are

input data defined by Figures 14 and 15.

From the nozzle radius calculate the nozzle area a%.

2 *2
ak(zZ%) = 1 [rg (2%) - r, (z*)]

Mach number, M(Z), can be obtained by creating a table of M

versus &% from the equation.
y+1

2(y-1)
a* (7) =1 (2
a% (zx=0)  M(Z¥) " ‘y+l

) (1 + L P z0)]

The velocity divided by the speed of sound at the throat,-g,

(commonly called M%) is given by

, Tad e
=N L 2
q(z)" = T
1+ “\{‘“5“ M (Z#%)
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Figure 15 -- Computer Input Parameters -- Annular Chamber
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The velocity potential, which is the independent variable for

the equations of motion in the nozzle, is given by

z
2 K
R
ATo o
Auxiliary functions z, é(l), E(z)

6 (z%) = q (z%) dz* 43)

s f3 which are required to

define the admittance coefficients in the nozzle are given by the following

differential equations

b(%%+£2>=(g+ih>£—<j+ik>

Gra-gheWr-- [é—iw<}2+ 2 _2)1(1-5% e
207 (y+1) (1-99)
2
2 y-1
+ 2 Sun (c)
y+1 4 q
L@@y - [c - o (s >] a-35 §@
¢ 2q (y+1) (1-q7)
2
y-1
. X _ _ 2 )
T b P UL S
v+l | d¢ 21; 2q q
d =2 iw =2 1 g_&f
@ (c” £) - —ii' (¢ £4) =5 3
-7 2 =2
where b = qz (CRE
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- -2
Jr @ 4@
=77 =2 4%
c
h =06G@)
2
A2 — Y—l
3 Q_ﬂ_g(c) ~ 2
J - 4 4 (S\)n>
-2 €.
¢ ¢
5 = w/K (44)
s =s_JK @5)
n n
DA — % 1/2
K = (éﬂa = Dk 2 RATO RXTi 2 2
l az’ . = Biro y+1 R% T R% RE. - Ri,
| Z=1i CTo CTi ATo ATi

The initial values of the auxiliary

e™ (0 =0
£ 0 =0
f3 ) =0

~

g (0) = o + i BO
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g s 2 5
- v+l wZ - “vn_ _ oy-d 5t
where a = 2 4 4
~2 2
GRS
xz-l + ol (S\m )
é 3 8 4
- ~ 2
o o2 4 (y+l)

The equation for z is singular at Z = 0

throat i is defined from its derivative at the throat

so in the region of the

dg _ .

'g(’g —OLi+lB]_
Z=0
3 2
1 (ﬁ—l—) + 0
where al =y 00 2
(rFl) + W
2

2
2
+Y2.,,15A2M§ 2¥+lg;t}m}
g | vn b2
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. - 1
1 2 4 ° 2
() + @’
=1~ [ 2 2 2| oyt o~ 2 2 v+ 2
+ g © ( 2 ) _(svn) -7 v (ao - 8o ) +2( 2 ) OLoBo

The nozzle admittance coefficients can be defined from the

auxiliary functions at the desired value of Z.

V2 5 @) -2 o«
Ao ';;I) c” (g c ] - ) (I+1) (46)
PR AR B

2

i0 S— é(l) 22
s, c o7
B A S (47)

B
e ?og
) 3 A 1-32 2@ L e @)
o G 2t 7 8) as)
-2 (g(l) 2 g) i %
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o= - A (49)
M (Zy)
E = AE' + 1B (50)
£' = e T4 1/2
. (vﬂ)za“ (:{_ﬂ_(”)zx:i)wl%
wn \" 2 ) L) j
[ .
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4, Program D

Take h from Program B

~ h
by = 1 1,
Bv n Cv n
A +i|l—n . ¥io
wn YW \CI
5. Program E
For standing mode
2r 1
f f u(r,06) Fp(r,8) J 2 (s 1) Cos2 ve r dr d6
A _ o_o v vn 51)
1 IZW J,l 9 9
dr de
IS Jv (Svnr) Cos” vo r dr
2n 1 ' 5
£ £ ui(r,6) FR (w,r,0) Jv (s\)n r) J(svnr) Cos™ v8 r dr 46
B =
vn 2r 1 2 2
| 3, (Sv r) Cos” v6 r dr dé
o o n (52)
2’” l F (r,e,m) 2
f f n(r,6) — Jv (Svn r) v sin v6 Cos v6 r dr d6
_ _o o
vn o 2 1, 9
f f Jv @vn r) Cos™ vO r dr d6
o o

(53)

y <
vn 2
s - ow
vn 2
i C\)n
Cvn = 2
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u(r,o) = L0 (54)

ave

o(r,8) is the injection density (weight flow per unit area)

o] is the total weight flow divided by the total injector
area

6. Program F

—le) = h

n(l--e T

7. Program I

For non~linear combustion response, input tables of burning
rate versus pressure, radial velocity, and tangential velocity, ¢P’ ¢R’ ¢l.
Additional data needed are: Poo (amplitude of pressure oscillation being
considered divided by the mean chamber pressure) TFLP, TFLR, and TFLT (the
linear transfer functions for equivalent linear operation associated with the
pressure, radial velocity and tangential velocity dependent nonlinear element.)

A describing function is calculated at each point on the injector.

£ (r,0) = ;—5217T§Z;71_£ﬂ b (wT,7,0) Cos (ut) d(wr) (55)
where
¢p (wT,r,8) = ¢, (P")
p' = P_ cos ur
P = (POO J, (s, 1) Cos v 0
L n
Fp(T50,0) ;evzjﬁﬁzgj'mﬁ ¢ (wT,1,0) Cos (wr) d(wr)
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where ¢R(wT,r,6) = ¢R67')
v' = V_ Cos wrt
o
v - [V v J\)(s\)n r) f s\)n Jv+l (s\)n r) .
o oo r cos v
P
v _ _o0o0
00 YW
fT(r’e’w) = mﬁ——) f ¢T(wt,r,6) Cos (wt) d(wt)
o LT —m
where
pplot,r,8) = ¢T(W')
w' = W_ Cos wt
o
J (s r) v sin v8
00 "vun
W =
o r
8. Program J, Injected Mass Distribution Effects

This program calculates mass flow distribution u(r,6) used in the
program for calculating the Avn’ an and Cvn' It also calculates useful design
parameters such as pressure drops, injection velocities, mixture ratios, and flow
areas. Input consists of type and location of elements, description of each
element type in terms of orifice diameters and number of orifices, and overall
information including propellant densities, orifice discharge coefficients,
amount of film cooling, injector radius, total flow rates and total mixture

ratio.
First the total orifice area, AT’ for each propellant is

calculated:

AT = L 0.7853891 d%
i i
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Then the area of the film coolant orifices, A T is calculated

FC
A = % 0.7853891 d.2
FCT i FC,

Total flows of oxidizer and fuel are then calculated. The equations used depend
on how the information on the film coolant is input.

If percent film coolant is given; P , percent fuel film

ffc
coolant; PXfc percent oxidizer film coolant, the total fuel flow rate in

injector matrix, wa’ is given by:

WT
Mer = mmr 7 Peed
The total oxidizer flow rate in the injector matrix, WXT’ is given by:
W
W = W, - = (L-P_)
XT T MR+1 xfe

If the number and size of the film cooling orifices are given in terms of the
fuel hole area in the matrix AF’ oxidizer hole area in the matrix AX’ fuel

film coolant hole area AFPC’ and oxidizer film coolant area AX

FC*
v = W Apr
£T MRAL At Ap.
. Axr
XT TOOMRFL At A

The total weight flow per element is given by:
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WEi is used in Program E as follows:

—_— ™M XN = pi for each element.
See equations 51 to 53.

This program also calculates injector pressure drop AP:

AP =

144
2

C, A" g 64.4

=
NN

where Cq is the orifice discharge coefficient, A is the orifice area, W is
the orifice flow rate and p is the propellant density. Injection velocity V

is calculated from AP.

(144) (64.4) AP
rg
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D. DEFINITION OF TERMS

a¥®(z#) Area of annular nozzle

AFi Area of the ith fuel element, in.

Axi Area of the ith oxidizer element, in.

AXFC Total area of oxidizer film coolant orifices, in.

AFFC Total area of fuel film coolant ovrifices, in.

AXT Total area of oxidizer orifices excluding film coolant, in.
AFT Total area of fuel orifices excluding film coolant, in.

Total film coolant area, in.

Q
e}

Total orifice area, in.

&S

Factor measuring the effect of nonuniform injection on
stability (see Equation 37)

3

b Variable used in nozzle analysis
B Term used in longitudinal analysis
N Factor measuring the effect of nonuniform injection on
n stability (see Equation 37)

c Speed of sound nondimensionalized by the stagnation speed of
sound in the chamber analysis or the throat speed of sound in
the nozzle analysis »

C Term used in longitudinal analysis

Cd Injector orifice discharge coefficient

CO* Dimensional stagnation gas speed of sound in feet per second

Cth* Dimensional speed of sound at the nozzle throat in feet per
second

Cl’ C2 Constants in radial dependent factor of pressure in an annular
chamber

C\)n Factor measuring the effect of nonuniform injection on
stabilit see Equation 37) Complex C + i C

v (see Bq ) Complex €, vol

di Diameter of the ith orifice

dFC Diameter of the ith film in coolant orifice

i
D Term used in longitudinal analysis
Dl(z) Combustion distribution used in transverse analysis

Page 94




I

j=a e )

5oTe e pe i o

e

-

Report 20672-P2D
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Base the natural logarithms

Term used in longitudinal analysis
Dimensional frequency in Hertz

Auxiliary function in nozzle analysis, complex
of

Ip

of

9T

af

v

Rate of preparatory processes before burning
A nozzle frequency defined by Equation 50
Term used in longitudinal analysis

Describing function defined by Equation 34
Describing function for pressure oscillations

Describing function for velocity oscillations in the radial
direction

Describing function for velocity oscillations in the
tangential direction

Variable used in nozzle analysis
Variable used in nozzle analysis

Part of characteristic equation which includes all acoustic
effects (Equation 40) can also be viewed as a chamber
admittance complex number h = hr + i hi

Imaginary part of h
Real part of h

Includes acoustic and nonuniform injection effects in the
characteristic equation (see Equation 40)

Imaginary part of it

Real part of ﬁ

Totél enthalpy of gas nondimensionalized by R* TO*
Unit imaginary number N/:ET

Input to a nonlinear element

Term used in longitudinal analysis
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®
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=

.
mis

Variable used in nozzle analysis
Term used in the longitudinal analysis
Bessel function of the first kind of order v

Derivative with respect to the argument of the Bessel
function of the first kind of order v

Variable used in nozzle analysis

Velocity gradient at the throat nondimensional (see
Equation 45)

Factor involving droplet drag on frequency defined in
Equation 11

Term used in longitudinal analysis

Velocity interaction index measuring the amount of interaction
between gas velocity in the radial direction and the burning
rate

Velocity interaction index measuring the amount of interaction
between gas velocity in the tangential direction and the burning
rate

Term used in longitudinal amalysis
Chamber length, in.

Mass burning rate

Magss injection rate

Displacement intevaction index measuring the amount of inter-
action between gas displacement in the radial direction and
the burning rate :

Displacement interaction index measuring the amount of inter-
action between gas displacement in the tangential direction
and the burning rate

Mach number

Term used in longitudinal analysis

Mach number at nozzle entrance

Mixture ratio

Pressure intervaction indexr measuring the amount of dinteraction
between pressure oscillations and burning rate oscillations
Minimum val
mode

uve of the pressure interaction index for a particular

Term used in the longitudinal analysis




Report 20672-P2D

I, D, Definition of Terms (cont.)

o0

ffe

g

xfe

N

%
RACo

Output of a nonlinear element

Component of output of a nonlinear element at the input
frequency we

Component of output of a nonlinear element of a frequency
jwf: j=2, 3, 4, etc.

Pressure nondimensionalized by the stagnation gas pressure

Zeroth order solution for pressure. Defined by Equations 12
and 13a

First order solution for pressure defined by Equations 12
and 13b

7 dependent factor in pressure perturbation
Amplitude of pressure oscillation

Constant coefficient measuring amplitude of pressure defined
in Equation 1l5a

Percent fuel film coolant
Percent oxidizer film coolant

Velocity nondimensionalized by the stagnation gas speed of
sound, C,* in chamber. In the nozzle it is nondimensionalized
by the speed of sound at the throat .

DKC*

. . . . . o o
Burning rate per unit volume nondimensionalized by % ot
p ¥ C* c
T x for transverse or longitudinal modes.

c

Coordinate in the radial direction. Nondimensionalized by the
chamber radius rc*

Dimensional chamber radius in inches

Droplet radius in feet

Inner radius of an annular chamber in feet

Outer radius of an annular chamber in feet

Gas constant

Ratio of inmer radius and outer radius of an annular nozzle

Radius of inner contour of an annular chamber at the chamber
entrance in inches (see Figures 14,15)

Radius of outer contour of an annular chamber at the chamber
entrance in inches (see Figures 14,15)
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*
RATi

ala
w

ATo

£

CCi

R*
CCo

R*
C i

kil
RCTo

R
§T11
i3

RéTlo
£
ST24

RSTZO

Radius of the throat of the inner contour of an annular nozzle
in inches (see figure)

Radius of the throat of the outer contour of an annular nozzle
in inches (see figure)

Radius of curvature at the chamber entrance of the inner
contour of an annular nozzle in inches (see Figure

Radius of curvature at the chamber entrance of the outer
contour of an annular nozzle in inches (see Figure

Radius of curvature at the throat of an inner contour of an
annular nozzle in inches (see Figure

Radius of curvature at the throat of the outer contour of an
annular nozzle in inches (see Figure

Radius of inner contour of annular nozzle at transition between
throat curvature and tangent in inches ri* (Z %i)

Radius of outer contour of annular nozzle at transition between
throat curvature and tangent in inches ro* (ZfO)

Radius of inner contour of annular nozzle at transition between
chamber curvature and tangent in inches ri* (Zéi)

Radius of outer contour of annular nozzle at transition between
chamber curvature and tangent in inches ro* (ZEO)

Z dependent factor in entropy perturbation

Mode number for a transverse mode defined by Equations 19 thru
21 tabulated for a cylindrical chamber on page

Mode number used in nozzle analysis (see Equation 45)

time nondimensional as T

Temperature nondimensionalized by TO*

Term in longitudinal analysis

Stagnation gas temperature

Equivalent linear transfer function (see Equation 33)
Limiting linear transfer function

Gas velocity in the axial direction nondimensionalized by CO*

Mean value of the gas velocity at the nozzle entrance non-—
dimensionsglized by the stagnation gas speed of sound

liguid dr

/"\

velocity, £ vation 56)
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%
Z30

Gas velocity in the radial directionvnondimensionalized by CO*
Amplitude of radial velocity oscillation

Constant coefficient measuring the amplitude of radial velocity
Z dependent factor is radial velocity perturbation

Gas velocity in the tangential direction nondimensionalized by
CO*

Amplitude of tangential velocity oscillation

Total.propellant weightg flow rate, 1b/sec

Total fuel flow rate excluding film coolant, 1b/sec

Total oxidizer flow rate excluding film coolant, lb/sec

Flow rate of the ith element, 1lb/sec

Bessel function of the second kind of order v

Derivative with respect to the argument of the Bessel function
of the second kind of order v .

Mass fraction of vaporized oxidizer
Variables used in transverse analysis

Length along the chamber axis nondimensionalized by the chamber
length L * for a longitudinal mode or by the chamber radius r %
for a transverse mode ; ¢

At nozzle entrance

Axial distance from throat to first transition from curve to
tangent for inner contour of an annular nozzle in feet

Axial distance from throat to first transition from curve to
tangent for outer contour of an annular nozzle in feet

Axial distance from throat to second transition from tangent to
curve for inner contour of an annular nozzle in feet

Axial distance from throat to second transition from tangent to
curve for outer contour of an annular nozzle in feet

Axial distance from throat to transition from chamber to nozzle
of the inner contour of an annular nozzle in feet

Axial distance from throat to transition from chamber to nozzle
in feet
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£

Longitudinal nozzle admittance coefficient (see Equation 49)

Convergence angle of outer contour of an annular nozzle (see
Figure 14)

Convergence angle of inner contour of an annular nozzle (see
Figure 14)

Real part of derivative of ¢ al throat
Real part of ¢ at throat

Angle of orientation velative to the 8§ coordinate. See
Figure 10

Imaginary part of derivative of ¢ at throat
Longitudinal admittance coefficient for entropy, complex,
BN = BN.E + 1 BNl

Imaginary part of ¢ at throat
Ratio of gpecific heats

7 dependent factor in the first order solution for pressure
defined by Equation 15

Displacement of gas in the radial direction due to pressure
oscillations

Displacement of gas in the tangential direction due to pressure
oscillations

Term used in longitudinal analysis

Term used in longitudinal analysis

Injector pressure drop, lb/inaz

Variable in 7 direction used in various integrals
Auxiliary function in nozzle analysis complex

Index numbering the zeros in the derivative of the Bessel
function

Coordinate in the tangential direction

Term used in longiitudinal analysis

Fuel angle of dnjection measured from Z axis
Oxidizer angle of injection measured from Z axis

& dependent factor in the solution for pressure defined in
Bgquation 15

Compl

dent between droplets and gas
ki e

C O ’ 47 -

e L0Y LT ANS-

verae or 1
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I, D, Definition of Terms (cont.)

Real part of complex frequency o

Burning rate distribution function =
2 mean
Viscosity in lb-sec/ft

Order of the Bessel function which indicates the number of
cycles of pressure oscillation when traversing in the tan-
gential direction at a fixed radius, axial length and time

Fuel injection velocity, ft/sec
Oxidizer injection velocity ft/sec

Factor involving droplet drag, frequency and liquid inertance
defined in Equation 11

Distance from injector to concentrated combustion front non-
dimensionalized by chamber length

Term used in longitudinal analysis
Auxiliary function in nozzle analysis, complex
Auxiliary function in nozzle analysis, complex

Density of chamber gases nondimensionalized by the stagnation
gas density po*

Density of liquid droplets, lb—secz/ft4

Complex frequency nondimensionalized as the reciprocal of T
Injection density

Mean injection density

Portion of time lag which is ingensitive to pressure oscilla-

w

tions nondimensionalized by E—;‘for a longitudinal mode and
o}

r *
c
—— for a transverse mode
C.*
o
Mean sensitive time lag nondimensional as ri

Total time delay between injection of propellant and burning
of that same propellant nondimensional as T

Sensitive time lag in milliseconds
Velocity potential in the exhaust nozzle

Function relating input pressure to the combustion to the out-
put (burning rate)
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L, D, Definition of Terms {(cont

¢R Function relating input radial velocity to the cowmbustion to
the output (burning rate)
o Function relating input tangential velocity to the combustion
T &
to the output (burning rate)
¢l Term used in longitudinal snalysis
wt
Stream function in the exhaust nozzle
v dependent factor in the solution for pressure defined by
Equation 15
w Imaginary part of complex Laplace variable o
2 f* ¢y %
. c
For a transverse mode in chamber WS TR
o
7 fx I, %
f e . C
For a longitudinal mode in chamber w = TE I
‘o
7 f* R*%
. N ATe
For the nozzle w T
C# 12
th
) Frequency of input signal to a nonlinear element
£ y i
A . . - .
w0 Nondimensional frequency used in nozzle analysis (see
Equation 44)
2 2,172
9) (s W) /
vn
A Nozzle admittance coefficient (see Equation 38). Complex
number A = A 4+ i A, '
T i
B Nozzle {see Bquation 38). Conplex
number
C Nozzle admittrance (see Equation 38). Complex
number C = { + 4 C,
T i
E Combined nozzle admittance coefficient defined by Equation 50,
Complex number E_ -+ i Ei
e e : .. -GT
Pressure sensitive combustion rvesponse define as n(l-e )
Radial velocity itive combustion response defined by
I (1=
T
R@ Radial displacement sensitive combustion response defined by
m (l=e™0T}
"
;6 Tange itive combustion response defined
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T Tangential velocity sensitive combustion response defined by
1, (1-e70)

- A bar over a variable indicates it is a mean quantity and does
not depend on time

A prime on a variable indicates it is a perturbation quantity
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I, Problem (cont.)

E. SPECIAL OPTIONS

The stability solution of any given liquid rocket engine must

consider the three main portions of that engine: (1) the injector, (2) the

combustion chamber, and (3) the exhaust nozzle. Furthermore, oscillatory

conditions can exist along the longitudinal direction as well as the trans-

verse (i.e., tangential and radial) directions. It is clear that these con-

siderations serve as the basis for building the computer program.

The complete program consists of nine separate subprograms which

may be used independently or in various combinations depending upon the data

available and the information required by the designer. Figure 16 shows the

interrelationships of the programs and the optional routes for proceeding with

the calculation.

A.

The individual programs are:

Longitudinal Mode Chamber Analysis, used to obtain n, T
stability mapping for longitudinal modes.

Transverse Mode Chamber Analysis. For simplicity only the
analysis is performed; the n, T mapping is done later in
Program F.

Nozzle Admittance. Here the resistive effects of the nozzle
are calculated for both longitudinal and transverse modes.

Expansion of Results from Program B by interpolation and
add nonuniformity and velocity effects.

Injector Nonuniformity Coefficients. Calculates modulating
coefficients for the effects resulting from uneven injection
distribution and nonlinear combustion response.

Stability Mapping (n, 1) for Transverse Modes

Not in use

High Combustion Chamber Mach Number Analysis (not operational}
Nonlinear Combustion Response. Input to Program E.

Injected Mass Distribution Effects
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I, E, Special Options (cont.)

To assure that the proper subprograms are requested it is neces-
sary to introduce a regulatory device that monitors the course of the entire
program as it proceeds from one portion of the engine to another. This
regulatory device is called MAIN CONTROL and serves to direct the flow of
the solution in a consistent manner. Figure 16 illustrates the basic frame-
work of the computer program. The diamond-shaped symbols can be considered
as switches that are turned on if the particular item is to be analyzed by
the program or turned off if the item is not needed. It is the function of
MAIN CONTROL to turn these switches on or off according to the dictates of

the problem.

It can be seen in Figure 17 that the program is divided into
3 parts: (1) longitudinal modes, (2) transverse modes, and (3) exhaust nozzle.
The exhaust nozzle portion has been carried over from the program's early

development when nozzle parametric studies were conducted.

The versatility of the program is illustrated in Figure 16 by the
various flow-paths that can be constructed. For example, if the required
injector and nozzle data were known beforehand, one could determine the
transverse stability of the engine by merely running the combustion chamber
program. I1f, on the other hand, all the data were unknown, proper use of
MAIN CONTROL would initiate the injector, nozzle, and chamber programs., There-
fore, the program is as suitable for parametric studies as it is for analysis

of specific designs.

It can be seen that the transverse portion of the program is more
detailed than the longitudinal portion. The injector requires programs, J,
I, and E to evaluate the injector parameters that affect stability. The
chamber analysis requires B, D, and F. It should be noted that program D is
more of a convenience than a necessity while program F determines the solution

of n and 7.
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I, B, Special Options {(cont.}

Following is an outline which will help determine which programs

are to be run when evaluating an engine design.

I.  Longitudinal Modes
A.* 1Is the nozzle admittance coefficient (aN) known?

1. YES: Input this datum
2. NO: Run Program C

B. Run Program A
II. Transverse Modes
A.* Are the nozzle admittances (A, B, C) known?

1. YES: 1Input the data
2. NO: Run Program C

B.# Are the injector non-uniformity coefficients (Av s B

v
known? n

1. YES: 1Input the data
2. NO: Run Program E

a. Is the mass distribution (u) around the face known?

(1) YES: Input the data
(2) NO: Run Program J (Usual Case)

b.* 1Is the combustion response linear [FP, FR’ FT = 1]7

(1) YES: DO NOT RUN PROGRAM I (Usual Case)
(2} NO: RUN Program L

C. Do you want more than 10 points on the stability plane?

1. YES:. Run Program D (RECOMMENDED)
2. NO: Do not run Program D

*Changes with mode (e.g., first tangential, second radial, ete.)

#%Tf the injector has a uniform injection profile, A =B =

C = 1.0.
v un un
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I, E, Special Options (cont.)

D. Do you want n, T points?

1. YES: Run Program F
2, NO: Do not run Program F

1If the instruction given is to "input the data", the proper L-numbers can
be obtained from the section on input data.
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I, E, Special Options (cont.)

In addition to evaluating specific designs parametric surveys
can be run to evaluate the effect of particular portions of the program.

The following outline may be helpful for this purpose:

I. NOZZLE EFFECTS: Run Program C
IT. VARIATION OF NON-UNIFORMITY COEFFICIENTS WITH RESPECT TO:

a. Mass Distribution

(1) Input the data (y) to Program E
(2) Run Programs J and E

b. Nonlinear combustion response

(1) 1Input the data (Fp, Fy, FT) to Program E
(2) Run Programs I and E

c. Both mass distribution and nonlinear combustion response

(1) Input the data (u, Fp, Fp, Fq) to Program E
(2) Run Programs E, I, and J as needed.

IIT. Variation of the stability zones with respect to:
a. Nozzle effects

(1) Input the data (A, B, C)
(2) Run Programs C and A or B, C, D, and F

b. Non-uniformity coefficients

(1) 1Input the data (Ayp, Byp, Cup) and run B
(2) Run B, D, E, and F

c. et al

No further extension of the parametric study outline is necessary. The
ones that have been presented serve as a guide to the others. There are

countless other variations that might be considered.
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T, Problem (cont.)

F. NUMERICAL METHODS OF SOLUTION#*

As seen in Section C the nozzle admittance coefficients are
defined in terms of a system of non-linear differential equations which must
be integrated from the throat to the nozzle entrance. These equations are
integrated using Adams integration. Adams integration, as developed at
Aerojet, uses several subroutines: ADSET, ADINT, ADCOR, ADRES and ADPAR.

A description of Adams integration, which is reproduced from an Aerojet

manual, follows:

PURPOSE

To integrate a system of N simultaneous first order differential equations.

RESTRICTIONS

N < 200
METHOD

Adam's method of integration as described in Computing Services Report #13,
"Adam's Method of Integration of Differential Equations", by Dr. R. D. Glauz,
is used. Accurate computation of functional values between integration steps
is possible using partial step integration. The set of differential equations
must be written as a system of first order equations in the form:

dyl )

‘a‘}'{— =% (X, yl’ y2’ seey yn)
dy

= =f (%, ¥, ¥ y.)
dx n LA R R

*Nomenclature in this section does not correspond to the rest of the report.
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I, F, Numerical Methods of Solution (cont.)

USAGE

This subroutine has five separate entries:

1.

The initial setup of the integration which specified number of equa-
tions and storage locations is done at the beginning of the program
with the statement:
CALL ADSET (N, ¥, D, P, T, X, H, E)
with
N = number of first order differential equations to be integrated.

F = location of integrated Vis Yo» V-

dy, dy, dy
D = location of derivatives =’ dx ° d=

n

P = location of interpolated or partial step

Ylp, yzp, ey Y

T = temporary storage having 8N cells

X = independent variable

H = integration step (initially set at approximate value)

E = location of desired accuracy, E (1) = accuracy of Yy e
E (n) = accuracy of v, If E (I) = 0 then program sets

E(I) = 1078
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To integrate forward a single integration step use:

CALL ADINT
100 D(1) = ...
D(2) = ...
D(N) = ...

CALL ADCOR (& 100)
The ADINT entry will predict values of yj, ..., y, at x+h and the
ADCOR corrects these values. After the CALL ADCOR statement one
has available the values of Vs Yo Yy at the new value of x.

To obtain functional values Vs o0 Yy at a discontinuity or print
point xP use the statement:

CALL ADPAR (XP)

This will compute y1P, .. ypP and put these values in the P(N) array.
This will not affect the values in F, D, T.

To restart the integration such as at a discontinuity:

CALL ADRES

This will zero out the difference table, compute new values for desired

accuracy (e.g., if numbers in E have been changed) and set a flag to
restart the integration.

The following two equations are the predicter and connector equations

written in terms of the backward difference operator V_ =y (xk) -y (xk_l):

1 5 2 3.3 251 4 (R

P - = 2 2
Yy (Xk+l) Yy (xk) +H{1l+=V 4+ Vo 4+ =V + v

2 12 8 720 dx
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c 251 9 O [ 469 | 109
Vo (Epq) =y, () +H Lmo dax + { 720 ¥ 720 ¥
L4927, 32 3 dy, ()
720 720 ax

In these equations the integration error is controlled by changing H, the

integration step size. The table of backward differences is modified when-
ever the integration step is changed. This table of backward differences is
also used to interpolate for intermediate values of the function by using a

4th order interpolating polynomial.

Also in the nozzle admittance calculation a table of wvelocity
potential is calculated by integrating the steady state velocity profile
(Equation 43). Simpson's ome third rule is used to evaluate this integral.

This method approximates the curve to be integrated by a parabola.

In calculating the sensitive time lag 1 an inverse tangent func-
tion of a fraction is required (Eq. 42). The inverse tangent in the computer
library picks an angle between plus ninety degrees and minus ninety degrees.
The correct quadrant of v is determined by the signs of the numerator and

denominator of the fraction. Subroutine QUAD calculates the correct quadrant.
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I, ¥, Numerical Methods of Solution (cont.)

Boole's Integration

The Boole's integration subroutine for evaluating a definite integral
in program A uses two entries: INTGR, INTGS. This subroutine uses Boole's
formula and Simpson's rule to find the integral of a function between known
limits. Boole's formula is used to extrapolate two Simpson's rule values
with H = AX and 2 AX to obtain an answer for the integral which is more

accurate than either of the two alone.

b
B T ) b h v () 2y (k) by (5) 4o o o =
£ y dx = I =1 [y<xo>+4y(xl>+2y<x2>+4y<x3>+
- -y 6]
L - +IH=AX"IH=2AX
Boole H = AX 15
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I, F, Numerical Methods of Solution {cont.)

Bessel Functions

The BESJ subroutine computes the J Bessel function for a given argument

and integer order by using the recurrence relationship:
PG +F (0= (3 F ()
n+l n-1 X n

The desired Bessel function is:

F (%)
_.n
Jn<X) o
where
M-2
o =TF. . (x) +2 ¥ F, (x)
0 M1 2m

M is initialized at M ..

0
MO is the greater of Mgland MB where:
MA = [x+6] if x <5 and MA =  [1.4x+60/x] if
x> 5

MB = [ndx/442]

Fzg Flﬁ F. is evaluated using the recurrence relationship
(9]
=30

above with F = 0 and ¥ = 10
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o and Jn(x) are then computed
The computation is repeated for Mi3.

The values of Jn(x) for M and M+3 are compared:
1f l Jn(x)M - Jn(x)M}B I <0 l Jn(X)MZ-i-B ‘

this value is accepted as Jn(x); if not, the computation is repeated by
adding 3 to M and using this as a new value for M. If M reaches MMAX before

the desired accuracy is obtained, execution is terminated. MMAX is defined as:

2
[20 + 10x - X1 for x < 15
3 —_

Mo =

[90 + x/2] for x > 15

The BESY subroutine computes the Y Bessel function for a given argument

x and order n. The recurrence relation:
Yo=Y, Y () - (&
n+1 X n n-1

is used for this evaluation.
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For x > 4

<
o
Fan)
k]
A
I
I~
emm s
—
&
o
S
>
e
]
el
=
"
i
INE

+ Qo(x)cos { X = Z-))

2 1/2 w
Yl(x) = (;A;) (mPl(x)cos {x - Z»
, i
+ Ql(x)81n x -7 )
PO(X), QO(X), Pl(x), and Ql(x) are:
1 4 2
— PO T = (0,3989422793 - 0.0017530620¢
VZ ﬂ
+O,0001734300t4 o 0.0000487613t6
+O,0000173565t8 - 0.0000037043t10
1 4 2
— QO T = -(0.124669441 + 0.0004564324t
tV2
-0.0000869791t4 + 0.0000342468t6
10

~0.0000142078t8 + 0.0000032312¢t

/
WJ:é:‘ Pl ({-)= 0.3989422819 + 0.0029218256t2

2w
m0,000ZZBZOBOta + Oa0000580759t6

wﬁﬁﬁﬁOOZOOQZOtg + O.OOOGO&Z&thlO
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1 Ql(%) = 0.0374008364 - 0.0006390400t2
t\2
+O.000106474lt4 - 0.0000398708t6
+0.0000162200t - 0.0000036594tlo
where t =-£
b4
For x < 4
15
2m
v =2 1 (D&
0 T 2 (m,)Z
m= '
X
[log 2 + v - Hm}
where
m
H = I l-if m>1or=0 ifm=20
m T —
r=1

and y = Fuler's constant = 0.5772156649

16 2m-1
-2 .2 Ml x
Yl(x) = -t (-1 (2
m=1
1 X 1
m! (m-1)! ° {log 2 Ty - Hm + Zm]
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H. RELATED PROJECTS

This program and its predecessors have been used to analyze many
engines and proposed engines. The parts of the program concerned with velocity
effects and non-linear response have not been used since not enough is known
about either of these effects to define the parameters involved. These parts

of the program are intended to be research tools.

The major programs on which this program has been used are the
following: Gemini Stability Improvement Program (AF 04(695)-517) demonstrated
the effect of nonuniform injection on combustion stability., A series of con-
traéts (NAS8-4008, NAS8-11741, NAS8-20672) which were concerned with the
stability characteristics of hydrogen-oxygen at high chamber pressures (500 to

2500 psi) used this program to help correlate stability data. The program was
also used on Apollo (NAAI-M6J7XAA-400000A), M-1 (NAS3-2555) and Transtage

(F04695-68-C-0297)
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Section II, Programming




Report 20672-P2D

11, Programming

A. BLOCK DIAGRAM

PROGRAM J:

TNJECTOR MASS
DISTRTBUTION
EFFECTS

FROGRAM T
NONLINEAR
COMBUSTTON
EFFECTS
PROGRAM E:
NON-UNIFORMITY -
COEFFICIENTS

wemmeefisd - PROGRAM C2

NOZZLE
ADMITTANCES
PROGRAM B:
FROGRAM A: TRANSVERSE MODE

LONGITUDINAL 3 $2= CHAMBER ANALYSIS
MODE
CHAMBER
ANALYSIS

PROGRAM D:
e cemmeedzmd FXPANDED RESULTS
OF PROGRAM B

X

o PROGRAM F':
" ] a7 SOWUTION

Figure 18 -- Block Diagram of Computer Program
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1T, Programming

B. FLOW CHARTS

ENTRY = CHAMBR

Report 2067 2~P2D

s,
g2 S,

L ENT
S

TRY

ZERO STCORAGE FOR
INPUT DATA

- ? mmmmmmm |

START OF NEW CASE

INPUT ROUTINE:
READ CHAMBER, NOZZIE DATA
FOR NEW CASE

DEFINE LOGIC FLAGS
A RUNyeeeo.. J RUN

.,x"':

SEVE CHANMRRR DATA ON SCRATCH TAPE
(1) AS THE DATA AREA WILL BE WRITTEN
OVER BY A NEW LINK.

PLACE FREQUENCIES TOR DESCRTRTING
FUNCTTON TNTO UPPER COMMON
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1T, B, Flow Charts (cont.)

ENTRY = CHAMBER
2 of 3

Report 20672-P2D

170

RESTORE CHAMBER DATA WHICH
WAS SAVED BEFORE ENTRY TO
INJCTR PROGRAM.

RUL
T

MOVE A , B
n Y

n’

C
V

n‘].J‘ROM UPPER COMMON

TO DATA BLOCK FOR "IRANS" OR "DDD"

o

—

CRUN

T

SET UP INPUT DATA FOR "CCCY

MOVE OUTPUT FROM "CCCY INTO
INPUT BLOCK FOR "TRANS"

MOVE OUTPUT FROM "CCCH
INTO INPUT BLOCK FOR "LONGLY
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11, B, Flow Charts (cont.)

Jof 3

e B
W %

| CALCUTATES HR, HI §

T OUTPUT THROM ARG ™
TO INPUT BLOCK FOR "DDD!

— | CALCULATES HTR, HTT TF NOT H RUN; !
Y == = e — - EXPANDS TABLE TO LO POTNTS '

{ CATCULATES (n,7) FOR
| EACH FREQ. USING HTR, HTT

'%%&MwiﬁﬁzﬁﬂK FOR NEW CASE ‘z
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11, B, Flow Charts (cont.)

ENTRY = GEMMEG

PUT NEGATIVE; GENFRATE FRE-

7.ONGTTUDINAT, MODE TF SNH TNQE
QUENCTES ABOUT ABSOLUTE VAT

AND SET SNH = 0.0

s =W (1)

©

GENERATE TEN FREQUENCIES

0,9S<W=<1.1 S

TNDTCATES FREQUENCIES |
HAVE BEEN GENERATED

W (2) ==l0 "= """ """ " 7

RETURN
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Flow Charts (cont.)

1 of 2

H RUN = CH=0

<« 100

FRINT INPUT DATA

!

SET NUMBER OF Z-INCREMENTS

CALCULATE LOW-CORDER TABLES
Zs U (Z)ﬁ .%%,L %(2)9/0 (E)J/Oc (ﬁj

q (2)

S
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11, B, Flow Charts

ENTRY = TRANS

2 of 2

(cont.)

Report 20672-PID

BEGIN CALCU%ATIONSzFOR EACH FREQUENCY:
= W

GF" svn =

EVALUATE 6 INTEGRALS BY STMPSON's
(OR BOOLE'S) FORMULA;
CALCULATE FIRST-ORDER SOLUTION h_, hy

S RUN

CALCULATE hr’ hi

INCILUDING INJECTOR BFFECTS

PRINT OUTPUT:

h:

wy hyp, hy

OR

— CB

> 200

DUMP TABULAR FUNCTTONS

END OF FREQUENCY I.OOP
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II, B, Flow Charts (cont.)

ENTRY = DDD

( wmvmy )

PRINT INPUT DATA

FOR EACH FREQUENCY Wy
CALCULATE h_, h,

fz

%
|

SAVE ONLY THOSE ENTRIES
FOR WHICH h_ >0
(ERROR RETURN TF NONE)

FEXPAND TABLE
(BY INTERPOLATION)
TO LO POTNTS

PRINT OUTPUT TABLE

!

J .
C remw %k%%E

u»,
%mw
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1T, B, Flow Charts (cont.)
Report 20672-P2D

ENTRY = CGO
-1 MDESTR =3
=2
VELOCITY POTENTTAL DESTRED MACH NO. MACH NO. WTLL BE
TABLE AND MACH NO. IS INPUT TO CALCULATED BY
ARE BOTH INFUT NTRLCAL" NTRL.CAL"

DUMP VELOCITY POTEN=~
TIAT, TABLE

SOLVE EIGHT SIMULTANEOUS
DIFFERENTTAL EQUATIONS BY
ADAMS METHOD (SUBROUTINE
"ADMNT")

l

DO FOR EACH COMFUTE AND STCORE NOZZLE
FREQUENCY ADMITTANCE COEFFICIENTS

>9
PRINT OUTPUT RESULTS
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11, B, Flow Charts (cont.)
Report Z0672-P2D

ENTRY =  TBLCAL

ENTRY

FOR EACH OF KN STATIONS Z,

CALCULATE RADIUS R (2),

AND AREA A (Z) FROM INPUT
- NOZZLE GEOMETRY.

]

CALCULATE TABLE AP V5. M
(AREA VS. MACH NO.)

FTROM ISENTROPLIC FLOW
RELATIONS

|

FOR EACH A (Z) TNTERPOLATE IN
AP, AM TABLE TO FIND CORRES-
PONDING MACH NUMBER.

[

DETERMINE SQUARE OF REDUCED
VELOCITY FROM ACH NUMBER

|

CALCULATE VELOCITY POTENTIAL, §

~ 21? ZM
¢ = T f q(z%)d z*




THTRY

LONGI

Report 20672-P2ID

ENTRY

DETERMINE EFFECTIVE STAIION, XX,
FOR CONCENTRATED COMBUSTION

EXPAND TABLE OF FREQUENCIES,

(INSERT FOUR FREQUENCIES,
BETWEEN EACH INPUT PAIR)

DETERMINE o 5 FOR EACH

Nr® ON
FREQUENCY

FOR EACH FREQUENCY, CALCULATE
AND PRINT n,T pg
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11, B, Flow Charts (cont.)

a4

Report 20672-P2D
ENTRY = INJCIR

|

READ TAPE 13
ZFRO STORAGE TOR (DATA TROIT PREVIOUS CAST
TiHJECTOR INAUT HAS BELN SAVED Oii ‘SCRATCH
DATA TAPE (13)

|

@ _____ READ TNJECTOR
. NATA |

SAVL DATA ON SCRATCH TA™E
(13) AS PART OF INPUT ARTA
I’AY BE DESTROYED

= e s ,A
RETURN TO MCHAMRRY i
VTA MATHM ¢

(
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II, B, Flow Charts (cont.)

ENTRY JJJ

CALCULATE OX, FUEL AREAS
FOR BACH ELEMENT TYPE

DETERMINE RADIT SUCH THAT
BACH ANNULAR SECTOR HAS
EQUAL, AREA

CALCULATE WEIGHT FLOWS
(L) OVERALL
(2) EACH EIEMENT

E

MISCELLANECUS CAICULATIONS

RECOVER TNPUT DATA FROM
SCRATCH TAPE (13)

CALCULATE n: FOR BEACH

FLEMENT
SAVE u; FOR "INJDISY

(SCRATCH TAPE 13)

DETERMINE 13
FOR EACH RADIAL BAND




II, B, Flow Charts (cont.)
Report 20672-P2D

ENTRY = INJDIS

INITTALIZE

<99

>99
PRINT INPUT

DATA BEGTN LOOP FOR EACH

OF NJ TNJECTOR
FREQUENCTES
“““““““ BEGIN LOOP FOR EACH

CALCULATE OF NE ELEMENTS (
Yoy = J\)(SVn r)
¢
= - %
wvn é)(v J\)(s\)n r) Son I¥ Jv+l (Svnr)

P
TIRST
[ TME
T

CALCULATE DENOMINATOR D

o=
< 0 = STANDING > O==SPTNNING

N

CVT=cos v©
SVT=sin v6
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II, B, Flow Charts (cont.)
ENTRY = INJDIS

2 of 2

CALCULATE F

CALCULATE Frp

ACCUL Ul AT NUMERATORS TOR

A\m s \m 3 ’\m

-3

PRINT T, Fo, T

.

CALCULATE Ayns Byn s

<10 _-~
%% f/’

T =10

PRINT HE S JiE

}?dg@ 3‘38

%M@mwm R

END OF ELFMENTS LoOp RETUR

FOR NEXT ELDIENT OR CONTTI




Header

MAIN

SUBO1
SUBO2
SUBO3
SUBOL
SUBOS
SUB06
SUBOT
SUBOS
SUB09

SUBLO
SUBLL
SUB12

SUBL3

SUBL4
SUB15
SUBL6
SUBLT
SUB18
SUB19

SUB20
SUB2L
suB22

SUB23
SuB2h

Report 20672-P2D

PROGRAM SUBROUTINES

Subroutine

BLOCK DATA

ouTAs8(A,K)

INASS8(A)
INT4(X,Y,XT,Y0)

INTDL (X, Y, XI,Y0,DY)
PAGE(LINES)

CHAMBER

GENMEG(W)

TRANS (BIN, XOUT,CB,KER)

DDD(DIN, DOUT, CD, NER, ERR)
ccc(DIN, DOUT, WC ,CODE, NER)
TBLCAL

LONGL

FFF(FIN,FOUT,CF,NER, VW)
QUAD(A,B, ANGLE)
CORE(X,N,CODE)

INJCTR

JJJ

INJDIS

TBLCAL
ADSET(N,F,D,FP,T,X,HA, E)
As148(c, ITITLE, IERR)

BLANK
INTGR(A,B, X,N)

Page 139

Description

Main Program

Interpolation

Calls new page

Combustion
Parameters,HR,;HI

Program D
Progranm C

Conventional
Chamber

Longitudinal
Modes

n, T Solution

Program J

Injector
Distribution

Annular Chamber
Integration Loop

Simplified Input
Procedure

Page
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143
1hh
1kh5
146
147
148
15k

155
168
171

178

181
184
186
187
188
189

196
201
20k

207
210
211




Header

Program Subroubines {(cont.)

Subroutine

BESJ(X,N,BJ,D, TER)
BESSEL(J,Y,V,X,K)

BESY(X,N,BY,IER)

o

[

-

£

Degeription
Calculates
Function

Calculates
Function

Calculates
Function

Page
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214

215
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9p1 8bed

000001
oogo02
0oooC3
000004
0po005S
000006
000007
000008
000009
000010
000011
000012
000013
000014
000015
000016
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000020
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000027
000028
000029
000030
000031
000032
000033
000034
000035
000036
000037
000038
000039
000040
000041
000042
000043
000044
000045
0poo4é
000047
000046
000049
000050
000052
000052
000053

@ ELT SUBU5,1,69

10

20

70

80

90
100
110

120
130

140
150

160

180

0717, 33453

SUBROUTINE INT4D(X,Y,X1,Y0,DY)
LGIMENSION X(9).v(9),XC(4),YC(4)

INT4D
INT4D

EQUIVALENCE (XC(1),X1), (XCL2):X2),(XC(3),X3), (XC(4),X4),(YC(1),Y1)INT4D

1, (YCE2),Y2), (YC(3),Y3),(YC(4),Y4)
NA=1

J=2

B=XI

[F(XC(JY NE.D..OR.Y(J).NE.O.) GO TOU (90-160),NA
IF(J.BT.2) GO 70 70

YRE=3.

GO T0 180

NMB=1

J=Jd-1

X1=X(Jd)

X2=X(J-1)

X3=X(J=-2)

Y1=Y(J)

Y2=Y(J-1)

Y3=Y(J=-2)

GO TO (150.170).NB
IF(X(J)-8)120,100,100
IF(J.LE.2) GO T0O 130

NA=2

Jzd+1

GO T0 20

DO 140 J=1,3

xXCtJy=x(h

YOO =Yy (4

D=X2-X1

A1=8B-X1

A2=B~-X2

XM23=(Y3-Y21/(X3-X2)
XM12=(Y2=-Y1)/(X2~-X1)

XM2B= (XM23~-XM12)/2.0/D
YO=zA1#A24XM2B~A22Y1/D+AL1eY2/D
DY=XM2B#(A1+A2)+XM12

G0 TO 180

NB=2

GO TO 80

X4=X(J-3)

Y4=Y(J=3)

D=X3-%2

Al=B-X2

A2z=B-X3

XM12=(Y2-Y1)/(X2~X1)
XM23=(Y3~Y2)/D
XM34=(Y4-Y3)/(X4-X3)

AMZ A% (XM12-XM23)

AML=ALa (XM34-XMP3)
YO=(A1%A2/2.0/D« (AM2+AM1) -A2#Y2+A1=Y3)/D
DY=(AM22 (2, 0uAl+A2)+AMLI*(2.0%A2+A1)}/2.,0/Duu24XM23
RETURN

END

INT4D

INT4D
INT4D

10
20
30
40

60
70

INT4D150
INT4D160
INT4D170
INT4D180
INT4D190
INT4D200
INT4D210

INT4D230

INT4D260
INT4D270
INT4D280
INT4D290
INT4D300
INT4D310
INT4D320
INT4D330
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INT40380
INT4D390

INT4D410
INT4D420
INT4D439
INTA4D4490
INT4D450
INT4D460
INT4D470
INT4D480
INT4D490
INT4D5GO
INT4D510
INT4D520
[NT4D530
INT4D540
INTA4D550
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1 LENGTH sewes,//, 11X, 7THCHAMBER , 15%  HMACH , 14X, 7HCHAMBER , 15X, 4RMACHCHAM 5560
214X, THOHAMBER , 15X 4HMACH / » 12X 6HLENGTH, 11X, L24DISTRIBUTION. 11 %, CHAM 570
SOHLENGTH, 11X, t2HDISTRIBUTION 21X, 6HLENGTH, 114, 12HDISTRIBUTION, /) CHAM 580

60 FORMAT(6(10OX,Fr10.5)) CHaM 590
A g R I B 2 MR SR S B % R SRR ] A 4 ST 2038 AR IR 3T 3R 4p 2 M A CHAM b()ﬁ
SRR R R R R R R R R R L R EE R -2 posansrackragrranpaaasrns CHAM 510
CHaM 620

1IF ¢ SL2 ) GO 10 170 CHAM A3U

CHAM 640

SL2 = JTRUF. CHaM 830

DO 70 I = 1, 4300 CHAM 660

70 DINP (1) = 0.0 CHAM 670
GO TO 110 CHAM 680

CHAM 690

A ESE A A PN B MG RA AN LS DL PG A SR RN A ERF RS TSR Ao GRS r Ay et e anenenny CHAM 700
CHAM 710

80 WRITE (6,100) bE CHAM 720
90 CALL EXIT CHAM 730
100 FORMAT (LHOLOXL17HINPUT ERROR, NE = 13, 19H, HENTE TERMINATION ) CHAM 7490
CHAM 750

EX RS 2L RT3 R RN SERanTIRSRRSEESAR et n AR ERtBes O enrarrrr CHAM 760
LR R R R LR A R R R R R A L R A wrasperarssaseaeanr CHAM 770
CHAM 780

110 KER = 0 CHAM 7990
CALL DVCHK (KCHK) CHAM 800

CHAM 810

DO 120 T = 1., 10 CHAM 820

120 DINP(I) = 0.0 CHAM 830
CALL AS138 ( DINP(1), HEAD(1), NE ) CHAM B840

[F C NE .NE. 1) GO TO 89 CHAM 850

ARUN = CA .NE., 0.0 CHAM 860

BRUN = CB .NE, 0.0 CHAM 870

CRUN = 2C .NE. 0.0 CHAM 81y

NRUN = CP .NE. 0.0 CHAM 820

ERUN = ZE .NE. 0.0 CHAM 900

FRUN = CF .NE. 0.0 CHAM 910

IRUN = CI .NE. 0.0 CHAM 920

JRUN = CJ .NE., 0.0 CHAM 930
OGRUN = DINP(22) .LE. 0.0 CHAM 940

1 CANDL. ( ARUN LOR. RBRUN LOR. CRUN ,COR. IR N ) CHAM 950
CHAM 940

FRINT NEW MAIN CONTROL DATA CHAM 970
SRR NG I SRS N FH B LI RN SN R SRR RS E R R AR NS E S p RSt n R nnnaxtrsr CHAM 980
CALL PAGE ( &0 ) CHAM 990
WRITE (6,10) (DINP(I3, I=1,10) CHAML1GOO
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BE LN HH RGN ER ARG E AN AR B E BN R RS Y RSN AR SRS AR p I N a v e e n e neanrr CHAMLI020
ARE FREQUFMCIES 70 BE CALCULATED... IF S0, CALCULATE AND PRINT. CHAM1030
BERBERPALD AT A AD BB AR S BFR LA PF AR AR AL BB E ARG e s et paerener CHAMLI040
IF ¢ .NOT. GRUN ) 60 T0 130 CHAM1J50

CTALL  GENMEG ( WC(1) CHAM1060

IF ¢ BRUN .COR. ARUN ) CRUN = ,TRUE. CHAM1070

IF ¢ CRUN ) CC = CC + 11.¢ CHAM108U

130 JOMEGA=ABS(EXTRA(22))+22.0001 CHAM1090
WRITE (6,30) . CHAM1100
WRITE (6,403 (EXTRACL), 123, JOMEGA) CHAMI110
WRITE (5:50) CHAM1120
WRITE (6:603C LISTL(LY, DISTMCIY, DISTLUI+T7), DISTM{I+7)ICHAMLIL30

1. DISTLLI+14), STMOTI+14) . T=1.6 3. DISTL(7): DISTM(7). CHAMIL4G
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GO TO 110
P A O L L A L L R R e S Y s I
530 IF ( .NOT. DRUN GO TO 620
540 DO 550 1=1.,8
X(y=p(

550 CONTINUE
560 X(B)=EXTRA(11)

O 570 I = 9, 100

570 X1y = D(I)
CALL DDD € x(1Y, Y(1), CD. KER, ERR )
TF ( ERR ) 110,586,580

580 IF ¢ KER ) 616,590,610

590 WRITE (6,600)
600 FORMAT (1H0,40%x,18H ERROR PROGRAM D )
CALL CORE(X(1),100,CD)
GO TO 110
610 CONTINUE
620 IF ( .NAT. FRUN ) GO T0O 670
(‘,{:—%*ﬁ%b%%%%&#%*i%{i&%a—%%&{:%-&ﬁéi—{é25%*4#%%%%%&-}-&‘,:-n"rﬂ--u-&'r%{}'}&2£~%{%#{P%#iiﬁ&%&i}%{}ﬁ-i(—%%
SET UP DATA FQOR PROG F (N, TAU )
Pl -~ - R R R R R R R R AR R R R R R R R A R R R s AR R - R T R X - i
630 Y(1)Y=EXTRA(14)
Q101 = EXTRA(16)/Y(1) # 12.0/6.2831853
640 Y(2)=EXTRA(16)
CALL FFF C Y1y, QCL)Y» CF, KER, WC(1) )
1F ( KER 670,650,670
650 WRITE (6,650)
660 FORMAT (1H0,40X,18H ERROR PROGRAM F )
CALL CORE(Y(2),100.CF)
670 GO 70 110

O

(o Ne

C{f—f(%&%%-&%*ﬁ“&ﬂ-%&&%'ﬂ‘*‘.}-ﬁ{&ﬁ-}’r%&%*%-ﬁ-%%ﬁs‘#*{}&%‘Z":}';S%{‘e*-'t
Cﬁ—%«}%&ﬁ%%*%#ﬁ%?&’}@%')(**%'!1'%*%{}%%ﬂ**%%&{}-{}-ﬁ}—l‘:%}-’kc

ER R R R R R A R R R R R
3638 48 3E 3E 3E A 30 3430 4B 3F S 3E 3 $E 4 48 4R Y S 3 26
Cdr 2 S e g fh 2t SR 3 Sk B 2R 30 2 S IR SR S N N N A I A I e N A R A M e S RN NS ARG R
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LONGTTUDINAL WILL HAVE NEG SnH WHICH WILL BE SET T ZERO BEFQR Rz TURWGEN
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Cotatatae b B ta o dn it ettt b bayhaisdey TuspEndprp ez tetstasavnrerse WGEN
TF(W(1))40.50,10 WGEN
CostrafaBatade Fedy el ded by tnded R radadate it ndgesrydet ottt adotntsesr WREN
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RETURN WGEN
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230

240

250

CALL  INT4 ¢ ZDIST, UISTM, ZC, UENRM )
SCALE = HE / UENRM
SIMPL = D7 .ig. O
IF ¢ SIMPL ) GO TO 230
INT =
IDZ = 1DZ/4 * 4
MUST BE POSITIVE MULTIPLE OF FOUR, LESS THAN 101
GO0 70 240
INT = 1
INZ = -1bZs2 = 2
I# ¢ ¢ IDZ .EQ. 0 Y ,GR, (¢ IDZ .GT. 100 » » 1DZ = 80
IDZ 1S NUMBER OF Z~INCREMENTS.
1DZP = IDZ + 1
DZ = ZC / FLOAT(IDZ)
Z7(1) = 0.0
uely = 1.0E-10
puciy = 0.0 -
KHO(1)Y= 1.0
uLo = JLM/SOUND
GF1 = ~1.0 / (GAM-1.0)
GF2 = (3AM~1.0) 7 2,0
RHOZE = ( 1.0 + GF2sUE=UE ) #=GF1
RHOLO = RHOZE = UE / LLO
QBAR(1) = 0.0
ZIP3(1) = 0.0
ZIP5(1) = RHOLO
ABOVE ARE FIRST TABULAR ENTRIES.
Z = 0.0
po 250 1Z = 2, 1DzZP
Z = 7 + D2z
CALL INT4L- ¢ ZDIST, DISTM, Z., S(1Z), DUCIZY )
27(12) = 2
U (I2Z) = U(1Zy+SCALE
DUCIZ)Y = DU(CTI7Z)=SCALE
ULCTZY = ULCIZ-1) + XK#DZs( UCIZ-1)-ULC([Z=-1) Y/U(1Z-1)
TEMP = 1.0 + GAMs( u(IZ)-UL(IZ) Y=UCIZ)
RHOCIZ) = ( 1.0 + GF2=U(CIZ)#UCIZ) ) ==GF1
RHOL (12 ¢ RHOZE=UE - RHOCIZy=UCIZ) )y /7 ULC1Z)

it

QRARCIZ) C 1.0 - GAM#UCTIZ)#U(IZ) IY#RHO(IZY=DUCIZ)
= GAM=UCTZ)Y #*RHOLCIZ Y eXKa( U(CIZ)=Uuu(1Z2) ) )
ZIP3CIZY = DUCIZY + DUCTD)
ZIPS(1Z)y = RHOL(IZ)Y /7 RHOC(IZ)
CONT INUE
ZZcIbzp) = ZC
toinzey = UE
DUCInzepy = 0.0
RMQ(IDZP) = RHOZE
K40L(IDZP)Y = (.0
QBAR(CTIDZPY = 0.0
ZIP3(IDZIPY = 0.0
ZIPSCINDZPY = 0.0

;
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St 293W0 Sy g 2 ‘T ) Sl HKI
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ERE R - R R SR SRR R Al

A8V ST = LIWID
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CRbENWAA
Db ENWAS
09p ENWAK
CUv ENWAH
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NEyENWAH
0P ENKAH
O0TPENWAH
DCPENKWAK
08CENHAH
QECENWAH
0LECNWAH
DYLENWAH
0GEENWAH
0P EENWAH
0ELENWAH
CCeeNWAM
0TSENWAA
O0CENWAH
06CTNWAN
0BZENWAH
0LZENWAH
BICENAAH
0GCENWAH
OV CENWAH
0CZENKWAH
0CZENKHAH
CTEENWAH
00ZENWAH
OATENWAH
COTENWAH
O/TENWAH
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0P EENWAH
0 TENWAH
0ZTENWAH
OTTENWAH
OOTENWAH
QECENWAH
COOENWAH
0/ 0ENKAY
OSUENWAH
NGLENWAH
OV OENWAKH
CCUENWAH
020ENKAH
CTOENWAH
CUDENWAH
066CNWAH
0B6CNMAH
0/ 6NKA
CS6ENWAH
0GEZNWAY
O odNKAH
0C6ENWAH
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(OIONYZuTi=Ax = Y14
(9Y9N1Z5TLaM + ($IONIZ + (ZIONIZ-CZ)UNTZ4nvD = wHlA

OSHM /7 MedM = 2]
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MaM + MXaxX = OSuM

37 = 9FW = 3Z0

2443 (gTT9) FLIyM € OdWIS “LON® ) 41
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(oe 0L C9 C LDOXMD " LON" ) 41

STYHOILND U3IMINOIY FHL ¥V (1IDNIZ  3A04v

ANNTLNGD

SvYn3IINI 37008  MON S1  ONIZ (315344800

(1YZyY3 + (1I)ONIZ = (I1)9NI17

SINTWIYINT 2,207 “Z01 HLIM STIVHYZINT NOSHWIS Jgv dWiS “ONIZ
INdL: = JNeYd 0G0t cL9T C (1)BNTZ/ (1) Zdd3)say y al

0°6T 7/  (I)AWIS=(I2aNIZ ) = ([)Z4Y3
9 T = 1 0fp 0C

2 =
0éy 01 09 O TdWlsS ) JI
SINIWIYGNT 24T ¥O04 IVHDILINI NOSHWIS SI 8NiZ
0°¢/Z0=(1)9INIZ = (1)ONIZ
9 ‘T = [ 0Ly 04
0T¢ Cl 09

SINIWIYOMT 27201 d04 Tv¥DILINI NOSHWIS Si1 dWIS
G T/7Z20#01)INIZ = (1)dWIS
9 ‘L = 1 0ab 0Od
b= IN]

INT  +{0P# 09%) 0! 09

INNILINOD -
AGNTLNOD
(1)4Z=1M + (I)ONIZ = ([)INIZ
9 ‘T = 1 02y GU

(Z1yYadiZ = (9)42
(ZI)adlZ = (g):Z
(71y¢d17 (v)sz
(Z1)gdlZ = (5) 427
(Z1)dv80 = ()47
# (Z21)4dved = (1)47

1

L 4

bl

(1Sd) MNIS = 4S
(184) S02 = 43
00y 01 CYH

=z 48

(ISdIKNIS
(1SgIHSOD 42

OFINT 3L3TdW0D =¥V 427

>
[us)
a0

06v

0gv

GLv
09r

0sy

358 4
0cw

0te

0Ny

nee

L O

o

L0

N&Ge000
6r€000
gve000
LYS000
IPe000
Sy 2000
py 000
gygaon
Z7$008
tp2000
ore0Qo
62€000
8000
£22000
92000
42€000
yCE000
£¢2000
2ee00o
192000
0£¢000
622000
922000
£29000
922000
$2%000
y22000
£22000
228000
t2g00q
022000
61£000
912000
LT2000
9712000
q1£0090
pIg000
£1€000
21000
119000
0T¢000
60000
80¢£000
L0000
90£00¢
G02000
$0%2000
£02000
202000
102000
008000
662000
862000
£62000
962000
562000
p62000
£62000
262000
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000351
000352
000353
000354
000355
000356
000357
000358
000359
000360
000361
000362
000363
000364
000365
000366
000367
000368
000369
000370
000371
000372
000373
000374
000375
000376
000377
000378
000379
000380
000381
000382
000383
000384
000385
0600386
000387
000388
000389
000390
000391
000392
000393
000394
000395
000396
000397
000398
000399
0e0400
000401
000402
0004023
£00404
000405
H00406
000407
000408
4ooane

yal =
ERCON
EICON
GO 72

520 COZE
S0Z&
GO 79

i 4

530 COzZE
SOZE

Hon

540 ERCON
EICON
Y2R
Y21

550 TEMP =
Y3R
Y31
Y6R
Y61

H oo

LR CALCUL

aOMOaaaaaa

560 H1IR =
H1l =

HD Y

(
(

HR
HI

THR(IW
THI(IW

(o]

IF «

iz

TERMS FRO
INIT!A

[oReoReReRe]

2

no 5734
ALK
Do

DO 580
oLD
ZAP

~SNH=ET /W
= SNH#ER
= SNH=E1
550

COSH(OZE)
SINH(OZE)
540

CO5(0ZE)
~-SINCOZE)

= SNH=ER/OMEG
= SNH=EIT/OMEG
~SNH#ER/W#COZE
~SNH=E[/W#COZE - OMEG/W#S50ZE

GAM=ZING(1)~ZING(1) + ZING(3) + W=TL#ZING(53)
ERCON=XK#T1=ZING(5) + EICON®TEMP
EICONsXK#T1#ZING(5) ~ ERCON#TEMP

EICON®=ZING(L) + ZING(2)

-ERCON®ZING(1)

-RR-E- - R R R R R R R R RS R R R R R R R R R R A R R R R R R R

ATION OF FIRST-ORDER SOLUTION...

( YLR+Y2R+Y3IR )/GAM
( YLI+Y21+Y31 )/GAM
6R#YH6R + Y6I=Y6I

HiR=Y&R + H1ilxYel ) / HD
H1I=#Y6R - HiR#Y&1 ) / HD

HR
HI

)
)

CNOT. HRUN ) GO TO 820

SRS R 3R 43 R0 S SF 2R AR SRR SR SR 2T 2 E 3038 33T 4 IR 4E PSR SR SRR IR A0SR IR IR SE 3R 30 4R 30 e 30 30 AR T W A 4R U4 L

M HIGH~-ORDER ANALYSIS ¢ STILL IN W-LQOP
LIZE INTEGRALS, INTEGRANDS FOR Z=0.0

!
D
570 Iz
GS(I,12)

[ =1, 1
1y = 0.0
(1) = 0

1, 6
0.0

1, 1ozZP
= 0.0

S0ZE = ~SJZE

HYMN3520
HYMN3IS3D
HYMN3540
HYMN3S5D
HYMN3560
HYMN3570
HYMN3I580
HYMN3590
HYMN3600
HYMN3610
HYMN3620
HYMN3I630
HYMN3 640
HYMN3 650
HYMN3660
HYMN3670
HYMN3680
HYMN3&90
HYMN3 700
HYMN3 710
HYMN3 720
HYMN3730
HYMN3740
HYMN3750
HYMN3760
HYMN3770
HYMN3780
HYMN3Z 750
HYMN3 800
HYMN3S10
HYMN3820
HYMN3330
HYMN3B40
HYMN3 &850
HYMN3860
HYMN3870
HYMN3880
HYMN3I&I0
HYMN3I2OD
HYMN3919
HYMN3Q20
HYMN3930
HYMN3940
HYMN3950
HYMN3960
HYMN3I970
HYMN3I8D
HYMN3990
HYMN4QOQ
HYMN4010
HYMN4(2D
HYMN4230
HYMN40O40
HYMNADS )
HYMN4(60
HYMN4QT7 D
AYMNGIRY
HYMN4QOWO0
HYMN4190

02d-21907 Hoday



291 @abed

000410
000411
000412
000413
000414
000415
noo41s
000417
000418
000419
pup420
600421
000422
000423
000424
000425
N00426
000427
0600428
000429
000430
000431
000432
000453
000434
000405
0004306
000437
000438
000439
000440
000441
000442
000443
000444
000445
000446
000447
000448
000449
000450
000451
000452
000453
000454
000455
000456
ap04s7
000458
ug0ass
000460
000461
000462
000463
000464
000465
600466
000467
000468

2

&00

610

€50

TEMP = —T1aRH0LQ

Gl 9,1y = TEMPaxK=+W#»S0ZE
GL(L1D,1) = 1EMPuXKsw=COZE
GL(11,1) = TEMP=OMEGZ#SCZE
GL(12,1) = TEMP=(MuGE*CQZE

IF (¢ .NOT. TARLR ) GO TO 585

CALL  INT4  C WIT, AVN , W, ANH
CALL INT4 € WIT, BVN , W, BNH
CALL  INT4 ¢ W|T, CVNR, W, CNHR
CALL  INT4 WIT, CVNI, W, CNHI

BMH = RLON = BNH
CNHR = TLON # CNHR
NHT = TLON = ONHI
YE = ANW = CMHI/Z (Wd=GAM)
YE = ( BNH + CNER ) / (w=GAM)
H2R = Y6R#YE - Yo6IlxYF
H21 = Y6R=YF + Y6[=YE
HSSQ = HZ2R=H2R + H2I#H?2I1
HA = ( HIR=H?R + H11«H2T )Y / HSSG
HB = ( H1I=HZR - H1iR=H21 ) / HSSQ

CALL INT4 ¢ WET, CRT, W, CR )
CALL INT4  ( WET, CIT, W, Cl

GO T (590,610,630), IM
DO 600 1Z = 1, IDZP
ARG = OMEG=ZZ(1Z)
STAB(IZ)Y = SIN (ARG)
CTAB(I1Z) = COS (ARG)
SIGN = -1.0
GO TO 650

DO 620 1Z = 1, 1DZP
STAB(1Z) = ZZ(12)
CTAB(1Z) = 1.0

GL{t1,3) = TEMP = ZE

GL(1?,1) = TEMP

GO TO 650

DO 640 12 = 1, 1IDZP
ARG = OMEG=Z2Z2(12)
STAR(1Z)Y = SINH(ARG)
CTAR(1Z)Y = COSH(ARG)
SIGN = 1.0

Do 780 1Z = 2, 1DbZP
NOD = NOD + 1

v3 = XKsRHOL(IZ)/RHD(IZ)

V4 = DUCLZ) + V3

V5 = QRAR(1Z)Y=v4 + RHOCIZ)=»u(]
ve = ( RHOL(IZ)/7UuL(IZ)=DULC(]1Z)
V7 = ( 2.0=(D2uCIdy=-DUclzZy)y +
V8 = XK«ZIiP5([Z: - U(IZ) - 3.
V7 o= V3sC DUCTLY - DULCIZY -

+ pUOIZyepit )

Z)#DR(ID

- DROLIZ) » / RHOC(IZ)
V3 = XK=V6 )

0=DUCIZ)
UL(IZY/RHOL 1 Z)y#DROL(IZY

)

HYMNA110
HYMN4129
HYMNG 130
HYMN4 140
HYMN4150
HYMN4160
HYMN4161
HYMN416Z
HYMNS163
HYMN4 LS4
HYMN4165
HYMN4156
HYMN4 147
HYMN4168
HYMN4159
HYMN4170
HYMN41 71
HYMN4 130
HYMN419¢
HYMN4200
HYMN4210
HYMNAZ220
HYMN4230
HYMN4240
HYMN4250
HYMN4260
HYMN4270
HYMN4280
HYMN4290
HYMN4300
HYMIN4310
HYMN4320
HYMN4330
HYMN4340
HYMN4350
HYMN4360
HYMN4370
HYMN4 384
HYMN4350
HYMN44n(Q
HYMN4410
HYMN4420
HYMN4430
HYMN4440
HYMN4450
HYMN4460
HYMN4 4T O
HYMN4 480
HYMN4490
HYMN45(0
HYMN4510
HYMN4520
HYMN4S30
HYMN4540
HYMNA45SQ
HYMN456(0
HYMN4570
HYMN4380
HYMN459Y

2d-2.90¢ 1iodoy



€91 abed

000469
000470
000471
pog472
000473
n00474
000475
000476
000477
000478
000479
000480
000481
000482
000483
000484
000485
000486
000487
000488
000489
600490
000491
000492
000493
000494

000495 -

C00496
000497
000498
000499
000500
000501
0eo0sg2
0pos02
§00504
000505
n00506
0ogs07
000508
000509
000510
000511
000512
000513
000514
§o00515
000516
000517
000518
000519
000520
000521
060522
000523
noosz4
000525
000526
000527

OGO aOn

«

670

680

€90

f=3

OO

vii
viz
V13
V1ié
vi7
vig

V19
V20
va1

<

ny
QO
1

"

no#H o 4 o

oo

<
N
ut
[ S T A LA IR TR 1

( GAM#*DQ(IZ) - DQ(IZ) + RHOCI1Z)=Dh2y(1Z) + D2y(IzZ) )

= U(1Z)/RHO(12Z)

UCLZY/RHO(IZy«DROL(IZ)/RHO(IZ)

( GAM=QBAR(IZ)Y - QBARC(IZ) )=DU(1Z)

C v12 + p2ulll) Y/RAO(IZ)

BBAR(IZ)/RHO(IZ)

(GAM-1.0) = ( v16#v1é6 + UCIZ)/RHD(IZY=*DO(IZ) )

(CCUCTZY=ULCTZ)Y)=*NQCIZ)Y + GBAR(IZ)=(DU(IZ)-DUL(T1Z)))

* RHO(IZ)

C ULCIZY=-XK=DULCIZY ) 7/  ULLIZY=UL(iZ) ) # RHOL{1Z)

V19 + DROLCIZy/7ULCIZ)

V16 - GAM=#V1i6e - DUCIZ) - DU(CIZ)/RHO(IZ)

GAM - 1.0

RHO(IZ) + 1.0

RHO(IZ) - 1.0

V22 # (QBAR(TZ)=DUCIZ) + UIZ)+Da(1Z))

DUulzy = (V22#QBAR(IZ) + (GAM + v23)#DUC(IZ))

RHOC(IZ)#v10/72

V22 % (QBARCIZ)=(QBARCIZI/RHO(IZ)Y + DULIZ))

+ 2.08U(1Z2)=0G(12))

RHO(1Z) = (D2UCTIZ)#(u(IzZ) - uUu(l

+ DUCTIZYs(DUCTZ)Y - DUL (]

)
2

V30 = Uu(lZr=D20(12)

THE FUNCTIONS wvi1 ... v20 ARE INDEPENGENT OF W. HENCE WE COULD
TRADE CORE FOR TIME BY TAKING ALL OR SOME OUT OF wW-LOOP AS
SUBSCRIPTED VARIABLES. LET § SgE FIRST WHAT CORE WE HAVE.

ARG
CWV

I
—
it

-
/

W o+ vi(1Z)

COS(ARG)

SINCARG)

= CWVvaV2(IZ)/RHOC(IZ)

SWV#V2(1Z)/RHOCIZ).

Cwv/sva(lizy

SWV/V2(1Z)
XT10R=DUL (17

XI110I#DuL (1)

= OMEG » ( ZE=Z2Z(1Z)
(660,670,680), IM

oo oot

CTAB(IZ)
~OMEG#STAB(IZ)
SIN' ¢ 0ZEZ )
C0S « 0ZEZ »
690

1.0

6.0
ZE-7Z2(12)
1.0

690

CTAB(1Z)
OMEG=STAB(12Z)
SINH( 0ZEZ
COSH( 0ZEZ )

=0
B0 JZ = 12, 1BZP

HYMN4600
HYHN4610
HYMN4620
HYMN4630
HYMN4540
HYMN4 650
HYMN4660
HYMN4570
HYMN4680
HYMN4690
HYMN4700
HYMN4710
HYMN4720
HYMN4730
HYMN4740
HYMN4750
HYMN4760
HYMN4770
HYMN4780
RYMN4790
HYMN4300L
HYMN4810Q
HYMN4820
HYMN4830
HYMN4840
HYMN4350
HYMN4860
HYMN4870
HYMN4880
HYMN4890
HYMN4900
HYMN4910
HYMN4920
HYMN4930
HYMN4240
HYMN4950
HYMN4960
HYMN4970
HYMN4980
HYMN49990
HYMNSGuU
HYMN5010
HYMN5020
HYMN5030
HYMN5040
HYMNSUSU
HYMNS060
HYMNS070
HYMN5083
HYMN5 090
HYMNS100
HYMNS110
HYMN5120
HYMN5130
HYMN5140
HYMN5150
HYMNS 160
HYMNS 17U
HYMNS180

02d-2/902 Woday



Report 20672-P2D

0LLGNWAH YTOMAR (I I OHM/(ZI)AwZ] ) o = ZAA i} 984000
09/ GNWAH YHO0%Z2 28y (2T YOHM/ (21 T0HY ~ |4 G84000
NGLGNWAH N = (ZD)gHO=(Z TN - ¢ AR DD]
0 LGNWAH o= AZD)ane - 4 £8604349
0 LGNWAH JIOHE=TLsM) ® (Z1) TUHY + T 2860300
0/ GNIWAH AYs(ZT)YOHY/CZT1) TOHY=2 ) ) ow AKX = TAA o 186000
NTLGNHAR O ZInd vdioZidvyl ) O ngsogo
CULGNIIAH (19 = (1)Qq710 02 6,%000
DEIGNWAH C1)dVZ + ZOH=C (A0 + (13 ) = (1)dvZ BLG000
069GNINAH Z1 ‘1 = 1 Q¢/ ©d £4€000
NL9GNWAH 3 9.5000
099 ENWAK I0Tdd = Iv1IX = (¢T)9 624000
0G9GNWAH [0Tdd # HPTIX = (1719 v£5000
0P IGNHAH d0Tdd # IpTIX = (071)9 £44000
0S9GNWAH ‘ H0Tdd * YbTIX = (6 )8 26000
0Z9GNWAH [TTdd = 1H1IX = (8 1B 146000
CTOGNWAH ITTdd = ¥p1IX = (£ )9 048000
QL9ENWAH I0TIX « 0dd = (9)9 695000
DEGCGNWAH MOTIX » 0dd = ()9 8950460
0BGSNKHAH pirow lolIX = (#)9 L9000
OLGENWAH Pl o® YvlIX = (g)2 994000
09GGNWAH Odd + 0d%ZRIANC = bl $94000
DGEGNNAK [0T1X L = (239 ¥9¢000
QP SGNWAK qNTIX g1 = ()9 £94000
0CGGNIWAH O0d » ( (ZIJ)NZQ + (ZI)0HY/(ZI>7080=L=M ) = ¢l 2946000
02CGNWAR TL s ( MVLIFZ#6TA - 1VLEIZ=(ZI)0HY=M ) = I9TIX 196000
0TGGNKHWAH TL o= ( IVi3Z#6TA - HYLIZ=(ZI)T0HY=* ) = d9TIX 094000
Q0GGNWAH C (I)y ) SVYakvT 804 SNOISSTUAXI NI SIVHODIINI IJLVNIvA3 ol 6656000
06V SGNWAH 04 01 09 O 1oNM ) 41 864000
08P GNKHAH D £GG000
0LPSNWAH (Z[142)S9xM- = 1T1dd 965000
09 GNWAH ( 00 = ¥¥Tdd ) ol 6546000
0GP GNWAH M= ( (7749)S9uTisM + . T yGs000
O P GNWAH (Z1%3S9 + (Z1°2)S9 = (Z1°2)S9*WVD) = 10Tdd Y 286000
O0CPSNWAH (2149189 = TL=xMX#M~- = M0Tdd 0T¢ 265000
Q2P GNWAH 93WA/[TTd = 1TTd T4ac000
0TVSNWAHM 23W0/10Td = 107Td 0565000
QOPSNWAH AAWO/H0Td = ¥0Td 64000
06CGNWAH 0ts 0L 09 C LIWIT > 41 8r&000
08SGNWAH (Z1*1)S9sM- = (TTd LyG000
0/CGNWAH C 00 = HTTd ) o] 996000
NOSGNWAH M = ( (Z1GQ)80# T oM+ (7 18IS+ (71T)SY~(Z214T)S9%WVvy ) = IGTd Sb&000
0SSSNWAH TL » (Z146)S9x = d071d YrS000
0 SGNIKAH 3 ¥S000
0€LGNIWAH AANTLINOD 00¢ Zvs000
0ZEGNWAH o} T$6000
0TEGNWAH (Z1"“9)89 + Z0H T 0rs000
DOCENWAH  ((TITWMC )GV L0« (=210 CdIZ+ (MM I8y L= (Z21)641Z) = (21 9)8Y g 6¢4000
06CSNIWAH (Zr*g)sH + ZaH = ¥ 826000
08EANWAH  ((T+urD)IEVLIS#(T-Z1)CdIZ+ (WP 1)aY1S2(Z21)Gd1Z) = (Zr‘g)sn 0 ££6000
NLZGNWAH (Z0*$)SY + ZQaH 1 9¢4000
09CANWAH  ((THUCPDEYLIde(T-Z1)SdIZ+{MPINAYLID=(2]1)8dTIZ) = (ZP*p)89 g G94000
0GCGNWAH (Z04e¥8ST + Z4aH = T PeG000
0P 2aNKAH  ((T+MMIIGVLISs(T-Z1)SdIZ+4 UMM 1IBYLS#(ZI)odIZY = (Z7*$)8H 0 £¢6000
0SZGNWAH (Zr“2)sv + ZQaH = T 226000
0C2ENWAH  ((T+MM ) aVide(T-Z1)oVH0+ (MM 1)EY L= (Z1)8YAD) = (Z7r ‘)89 0 106009
OTZGNHAH (20°1)89 + Z0H = 8 04000
002GNWAH CCT+YM D) OV IS (T=-ZEVEO+ (ML) EVLIS=(Z1)HVE0) = (Zr‘T)s$9 n 624000

NATGNWAH T + M1 = 0] 926000
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G971 8bed

000587
6o0588
000589
000590
000591
000592
000593
000594
000595
000596
000597
000598
000599
000600
000601
000602
000603
000604
000605
000606
000607
000608
000609
000610
000611
000612
600613
000614
000615
000616
000617
000618
000619
000620
000621
000622
000623
000624
000625
000626
000627
000628
000629
000630
000631
000632
000633
000634
000635
080636
000637
000638
000639
000640
000641
000642
000643
000644
000645

Cﬁ'%ﬁ"ﬂ-%ﬁ#%#%ﬂﬁ#ﬁ%%*‘ﬁ*i’c*&%%}n%}-{?%%ﬁ-%%%*ﬁﬁ'%%%*&ﬁ*%*%&i‘&%#%%?#*#*%%#*&#ﬂ&%%%\'?%

1
of
730
C
C
C
c
C
1}
1
2
3
C
0
1
2
3
c
740
0
1
3
1
0
0
1
c
C
c
750
C
C
760
o}

XI1R
X111
xI21
X131
X141
X151
XI2R

IF
Al1R
A1l
A2R
15
T6
T7
T8

HH B

"o

Ad4T =

T9
T190
TEMP
ALR

"

ALl
A2R
A2l

"o u

A4R
A4l

nou

+ XKeGAM#RHOL (IZ)Y#ZETAL/HW)

T2/RHOC(1Z) = (V25 - y26 ~ y27 =~ V28 + V29 + VKL
T2 # (VK2 + Vv30)

( GAM=V16 = V16 + DU(IZ) + T2#V4 )Y=w

WelU(IZ)Y - T2/WaV7

Tievé + 2,0=W#UL1Z)

( T2#Y8 + DUCIZ)Y/RHO(IZ) )Y/W

XI3R = XI14R = XIBR = 0

L LT TR I N TR |

KNOT ) GO TO 740
=XI16R%ZAP(8) - XIL161#ZAP(7)
XI16R#=ZAP(7) - XI161%#ZAP(8) + GAM#POw¥V55T1
T1/Wa(V162V3=-V5/RH0O(IZ))*P0
W/UL(1Z) » RHOL(IZ)Y/ULC(IZ)
V20#ZETA] - TS=ZETAR
V20#ZETAR - T5%#ZETAI
W/RHC(IZ) # ( RHOL(IZ) - RHOC(IZ)«RHOL{IZ) )

Ti = ( T8=( ZETAI#ZAP(5) + ZETAR=ZAP(6) )
- RHOL(IZ)=( ZETAR®ZAP(1) + ZFTAI=ZAP(2) )
- T6%ZAP(3) + T7%#ZAP(4) )

+ XIL6R#(ZAP( 9)=ZAP(12)) - XI16I#(ZAP(11)+ZAP(10))

T # ( T8u( ZETAI#ZAP(6) - ZETAR=ZAP(5) )
- RHOL(IZ)#( ZETAR®#ZAP(2) - ZETAI#ZAP(1) )
- T7+ZAP(3) - T6w%ZAP(4) )

+ XI116R=(ZAP(11)+ZAP(10)) + XT161=(ZAP( 9)=-ZAP(12))

HA = P111

HB » P111

=z «GAM=W#QBAR(1Z)

ALR + TEMP#(T9+P101) + GAM=PO#(V1B8+72%V5)

+ XI21#P111 + XI4I1#PP111]

A1l + TEMP=(T10-P10R)

A2R + V1e#(T10-P10R)

( (VI1B+T2#V5)/RHO(IZ)Y - vi6#(V3=T72=-DUL1Z)) )/ W2PO
~V16#(T19+P101)

A4R + XI1RsPO + XI141#PP10OI + XI2I=#P101

A4l + ( XI11-OMEG2#XI51 )=P0 ~ XI3I#PP0 - XT141#PP10OR

- X121=«P10R

SET UP INTEGRANDS ( SIMPSON RULE HERE )

DO 750 I = 1, &6
GL(2#1~-1,NOD) = AL(I)«ST
GL(2+«1 ,NOD) = AL(I)#CT
AL(TY = 0.0
CONT INUE
GO0 T0 (780,780,760), NOD
DO 770 1 = 1., 12
SLAMCIY = SLAM(I) + GL(I,1) + 4.08GL(I,2) + GL(I,3)
WEIGHTED SUM FOR THREE ORDINATES
GL(T,1) = GL(Is3)

HYMN5780
HYMN5790
HYMN5800
HYMN3810
HYMNS5820
HYMN5830
HYMNS5840
HYMN5850
HYMNS8560
HYMN5870
HYMN5880
HYMNS5890
HYMN5900
HYMN5910
HYMN5920
HYMN5930
HYMNS949
HYMNS5950
HYMNS960
HYMN5970
HYMN5980
HYMN5990
HYMN60CO
HYMN6010
HYMN6020
HYMN6030
HYMN60G40
HYMN605Q
HYMN6360
HYMN6070
HYMN6080
HYMN6090
HYMN6100
HYMN6110
HYMN6120
HYMN6130
HYMN6140
HYMN6150
HYMN6160
HYMN6171
HYMN6180
HYMN6190
HYMN62GO
HYMN6210
HYMN6220
HYMN6230
HYMN6240
HYMNE250D
HYMN62690
HYMN6274
HYMN6280
HYMN6290
HYMN6300
HYMNS310
HYMN6320
HYMN6330
HYMN6340
HYMN6350
HYMN6360
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991 ebed

000646
000647
000648
000649
000650
000651
000652
000653
000654
000655
N00656
000657
000658
000659
000660
000661
000662
000663
000664
000665
000666
000667
000668
000669
000670
000671
000672
000673
000674
000675
000676
000677
000678
000679
000680
000681
000682
000683
000684
000685
000686
006687
0600688
000689
000690
000691
000692
000693
000694
000695
000696
000697
000658
000699
000700
000701

000702
000703
0006704

770 CONTINLE
NOD = 1

c

780 CONTINUE
C
Coasahadpraaatatatsss ENDS PRINCIPAL Z-L00P LR R X R F R R EY X RN XA
C STILL DOING FOR IW
c
(MR Y Y T R R AL S T L R R R A R R R R TR R ety
C
C COMPLETE INTEGRATION

Do 790 I = 1, 12
SLAMCI) = SLAM(I) = DZ/3.0
79¢ CONTINUE

IF ¢ LIMIT ) GO T0 800

[@]

TEMP = 2.0s#W=LE

SLAM( 1) = SLAMC 1)
SLAMC 2) SLAM( 2)
SLAM(C 9) SLAMC 9)
SLAMC10) SLAMCLU)
SLAM(1L)

+ o+ o+ o+

ELI S I L

e

CALCULATE DEFECT  ( CONTRIBUTION OF INTEGRALS FHOM

TEMPaPPL11#(CF=-1.0)/0M=32
TEMP=PP11T1#SF/OMEG
TEMP#PP1JI#(CF~-1.0)/0M=z5G2
TEMP#PP1u1#SF/0OMEG
SLAM({11)Y - TEMP#PP1OR#({F=1.0)/0MEG2
~0.5%W=UE+( PSI®*COZE-CTAB(IDZP)=SF

2 + 0.5%T2/w=UE%( PSI=#SOZE-STAB(IDZP)=SF
SLAM(L2) = SLAM(12) - TEMP=PP10R=SF/OMEG

-

800 G21R
G211
DG21R
DG211

ANH=SLAM(1) + BNH=SLAM(S5)
ANH=SLAM(3) + BNH=SLAM(7)
ANH®SLLAM(2) + BNH=SLAM(6)
ANH=SLAM(4) + BRH=SLAM(R)

oI

G20R 1S SLAM ( 9)
G201 IS SLAM (21)
DG20R IS SLAM (10)
nG201 IS SLAM (12)

‘FOR NONZERO OMEG, DIVISION BY OMES 1S
IAR, 1Al, IBR, IElI ARE TYPE REAL.
TEMP = UE = W » ZING(2)

G aOaaaom

( ¢ CI=yil - CR#Y1R )=

18R
81

ion

IRR=IBR + IBI=#IBI
( IAR=IBR + IAI=IBI ) 7/ HTU
( TAI=1BR - ITAR%IBI ) / HTD

HTD
HTR
HTI

Houon

THTRC(IW)
THTT(IW)

HTR
HT1

IF ( LNOT. CKIUT )
HRTTE (5,150)
WRTTE (6,160) U [AR, IAT 18R

GO TO 620

- 0.5=WslUEs( PSI#S0ZE-STAB(IDZP)=#SF
2 + 0.5=T72/WsUE=( PSI#COZE+CTAB(IDZP)=SF

+ o+ 4+

W

CNHR=SLANM(S)
CNHR#SLAM(7)
CNHR#SLAM(6)
CNHR=SLAM(8B)

THE FOLLOWING AVAILABLE BY EQUIVALENCE...

7=2C T0 Z=Z7:z

»/OYEG

) #S1GN

+
+

Y#STGN
)= OMEG=SIGN

HYMNG370
HYMNG6380
HYMN6 390
HYMN6400
HYMN6410
HYMN6420
HYMN6430
HYMN6440
HYMNG6450
HYMN6460
HYMNG6470
HYMN6480
HYMN6450
HYMNG6500
HYMNG651(0
YHYMNGS2(
HYMN653U
HYMN6540
HYMN6550
HYMN6560
HYMNG6S 70
HYMN6580
HYMNG590
HYMN6600
HYMN6610
HYMN6620
HYMN6630
HYMNG6640

CNHI=#SLAM(7)YHYMNG6750
CNHI#SLAM(5)IHYMNG6760
CNHI=SLAM(B)HYMNG6770
CNHI=SLAM(S)HYMNG6780

IMPLICIT I™ ERCON, EICON,

IAR = HIR = DG20R - ERCON#G2UT - EICON#G20R
+ + CRsy1ll + CI=Y1R

IAl = H1l - DG201 + ERCON=®G20R - EICON®G20]
- ( CR=Y1l + CIl=YiR )W + CR=Y1R - Cl#Y1l]

H2R + DG21R + ERCON=G21l + E£ICON®#G21R + TEMP#(
HZ1 + DG211 - ERCON=G21K + E!CON®G211 =~ TEMP#( CR+W=C]

IBI » kSCOWN.

EICON,

YaWrUE

YaWayE
CI-W%CR

HYMN6790
HYMN68CO
AYMNG81d
HYMN6820
HYMN6830
HYMN6840
HYMN6850
HYMN6860
HYMN6870
HYMN6BE0
HYMN689D
HYMN6300
HYMN6910
HYMN6920
HYMN6930
HYMN6940
HYMN695(0
HYMN6960
HYMN6970
HYMN6930
HYMN699 0
HYMN7000
HYMN7010
HYMN7D020
HYMN7Q30
HYMN7 040
HYMN7050
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191 abed

000705
000706
000707
000708
000709
000710
000711
000712
0600713
0600714
600715
000716
000717
000718
000719
000720
000721
0060722
000723
000724
000725
000726
000727
0op728
000729
000730
000731
0pg732
000733
000734
000735
000736
000737
600738
000739
000740
000741
000742
000743
000744
000745
000746
000747
000748
000749
000750
000751
000752
0600753
000754
000755
000756
000757
000758
Qpo759
400760

1 G20R, G21iR, DE20R, DG21R, HIR ., H2R , CR ,
2 G#01, G2il. DG201., HG211, HLLD » =21 . CI
C
820 CONTINUE
C ENg OF wW-LOOP
Gt et Btr B A 20 % 3 B St A S AR A S P R SRR R B I S H N R A S R
c
KER = NHW
YOUT(9) = XNW
C
IF ( HRUN ) GO TC &50
C
DO 830 IW = 1, NW
XOUT(IW+ 9) = WC (TW)
XOUTCIW+39) = THR(IW)
XOUTCIW+69) = THICIW)
830 CONTINUE
GO TO (880,840), KOUT
840 1F ( CKOUT ) CALL PAGE ¢ 70 )
WRITE (6,40)
WRITE (6,50) ( WCCI), THRCIY, THICI), 1T = 1, NW )
GO TO 880
c
850 DO 860 IW = 1, NW
XOUTC(IW+ 9) = WC (1W)
XOUT(IW+39) = THTR(IW)
. XOUT(IW+69) = THTI(IW)
860 CONTINUE
GO TO (880,870), KOUT
870 IF ( CKOUT ) CALL PAGE (¢ 70 )
WRITE (6.40)
WRITE (6,60) ( WC(I), THRC(I), THICI), THTR(I), THTIC(I),
1 I = 1, NW )
C
880 IF ( .NOT, CKOUT ) GO 7O 890
CALL PAGE ( 70
WRITE (6,120) C Z2Z(1), U1y, DUCTY, ULCIY, RHOCI), RHOL(I),
1 QBAR(IY, ZIPX(I), ZIP5C(I), I = 1, 1DzZP )
IF ( .NOT. HRUN Go 70 890
CALL PAGE ( 70 )
WRITE (6,130)
WRITE (6,140) ( ZZC1),D2UCI),DULCIY,DRHO(T)Y,DROL(I),DACI),VLI(D),
1 vecly, 1 = 1, IDZP
C
C
C
o} N.B. HTR, HTI ARE FINAL RESULTS OF THIS SUBROUTINE WHEN PLACED
o IN xoUT, HTR, HTI INCLUDE INJECTOR EFFECTS, WHILE HR, HI
C DO NOT. HENCE If SUBROUTINE DDD IS ENTERED WITH HTR, HTI,
C BDD WILL EXPAND TABLE (BY INTERPOLATINN). PRINT,
C AND RETURN.
C
C
c
890 RETURN
END

HYMN7060
HYMN7 Q70
HYMN7080
HYMN7090
HYMN7100
HYMN7110
HYMN7120
HYMN7130
HYMN7 140
HYMN7150
HYMN7160
HYMN71790
HYMN7180
HYMN7190
HYMN7200
HYMN7210
HYMN7220
HYMN7230
HYMN7240
HYMN7250
HYMN7260
HYMN7270
HYMN7280
HYMN7290
HYMN7300
HYMN7310
HYMN7320
HYMN7330
HYMN7340
HYMN7350
HYMN7 360
HYMN7370
HYMN7 380
HYMN7 390
HYMN7400
HYMN7410
HYMN7420
HYMN7430
HYMN7 440
HYMN7450
HYMN7460
HYMN7470
HYMN7480
HYMN7490
HYMN75G0
HYMN7510
HYMN7520
HYMN7530
HYMN7540
HYMN7550
HYMN7560
HYMN7570
HYMN7580
HYMN7590
HYMN7600
HYMN76210
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891 8beq

000001
gogooz
000003
000004
000005
000006
000007
000008
000009
000010
000011
000012
000013
000014
000015
000016
000017
000018
000019
000020
000021
6ooo22
000023
poooz4
006025
gogoze
006027
000028
000029
000030
000031
000032
000033
000034
000035
000036
000037
000038
000039
600040
000041
000042
000043
000044
000045
Ut004o
000047
000048
000049
000050
000051
nooos2
000053
000054
000055

@

ELT

SUBLO,1,690702, 36302

QOO

10

20
30
40
50

60
70

80
90

100
110

120

130

140

150

166
170

SUBROUTIWE DDD(DIN,DOLT,CT,NER,ERR) RTNT

HTNT

PROGRAM U COMPUTE HTR,HTI + INTERPOLATE 40 POINTS HTMT

20 SEP 67 MODIFIED FOR TABULAR INJECTOR COEFFICIENTS HTNT

HTINT

LOGICAL LOGIK,HRUN,TABLR HTNT

COMMON /PROLOG/ LOGIK(50) HTNT

COMMON  /ABCDF 7/ EXTRA(100), ABLOK(600), A » B, SPACE(3556), HTNT

1 WITC(L7)Y, AVN(17), BVN(17),CVNR(L17Y, CVWNI(1Y) HTNT
DIMENSION DIN(L1),DOUT(1),A(133),B(132),0MEGA(L) ,HR(1),HI(1) HTNT

1,HTR(30)Y, HTI(30) , HTRINT (1), HTLIINT (1), OMGA(1) HTINT
2> DOM(30) HTNT
EQUIVALENCE (LOGIK(8),HRUN), (LOGIK(17),TABLR) HTNT

EQUIVALENCE (A(1),ANH), (A(2),BNH), (A{3).,CNHRE) s (2(4),CNHIM), HTNT

TCACS)Y,GAMMA)Y , (ACE) , XLRNDY» CACT), XLONDY, CAC9), XNW), (A(10),0MEGA), HTNT
2(A040),HR)Y , CAC70),HI), (B(9),ONK), (B(10),0MGA),» (B(51),HTRINT), HTNT
3(B(92),HTIINT) , ( OMEGA, DOM ) HTNT
HTNT

FORMAT ( 21HO INPUT TO PROGRAM D // 10XBH GAMMA = FB.4,5X6HLR/N =HTNT

1 F12.8, SX6HLT/N = F12.8 ) HTNT
FORMAT ¢ 1BX3HANH12X3IHBNHI11X6HCNH RE 9X6HCNH IM // 9X 4F15.7 // ) HINT

FORMAT ( s/ 38H INJECTOR DISTRIBUTION COEFFICIENTS... // HTNT

117XSHOMEGA 11X3HANH 12X3HBNH 11X6HCNH RE 9X6HCNH IM // (9X5F15./))HTNT
FORMAT (1HC, 19%X,BHOMEGA(C)»9X3H HR,13X3H HI ) HTNT

FORMAT (1HJ,19X, BHOMEGA(C),»9X3HHTR 13X3HHTI ) HTNT

FORMAT(1H ,10X,3F16.6) HTINT

FORMAT (1HQ 204 PROGRAM D OUTPUT // 19X,8HOMEGA(C) 9X HTINT

16H HTR ,10X,6H HTT /7 ) HINT
FORMAT (9140ALL VALUES OF HTR ARE NEGATIVE- ( T.E. QUT OF RANGE OFHTNT

TINTEREST- WILL PROCEED TO NEXT CASE)) HTNT
FORMAT (//,30X,69H FOLLOWING WILL BE INTERPCLATION wITHIN HTR HTIHTNT

1 TABLE GIVEN ABOVE ) HINT
FORMAT (19%X.,8H OMEGA ,9X6HHTRINT, 10X, 86HHTIINT ) HTNT

FORMAT (11X¥X,F10.5,10X,F10.5,10X,F10.5) HTNT

HTNT

tRR=0.0 HTNT

c=0.0 HTNT

CALL DVCHK (KDUDFX) HTNT

D0 130 1=1,133 HTNT

ACTy= DINCD) HTNT

#(1)=0.0 HTNT

NER=TFIX(XNW) HTNT

IF(NER)140,140,160 HTNT

WRITE (6,150)NER HTNT

FORMAT (1HD,1UX,31H NUMBER OF OMEGAS IN ERROR = ,IZx,I14 ) HINT

G0 TO 510 GTNT

IF(NER=29)170,170C.140 HINT

ONW = 40.0 HINT

(F € HRUN ) GO 10 1¢0 ATNT

LWlo= A(8) + 0.01 HTHT

TF C NWD LuT. 20 G0 10 180 HTNT

ASSIGHN 284 TO NT HINT

TABLR = _FALSE. FINT

ANH = AVN (1) HTNT

BNt = BYN (1) HTNT

1u

30
40
50

60 -

70

90
100
110
120
130
140
150
160
170
180
190
200
2106
220
230
240
250
260
270
280
290
300
310
320
320
340
350
360
370
380
390
400
410
420
430
440
450
460
470
430
450
509
514
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Report 20672-P2D

OZTTANLH
0ZvTINLH
GTTTLINLD
0OTTLINLA
08UTLINLH
NBUTLNLH
0LOTLINLH
GOUTLINLHE
0F0TLNLH
0SO0TiINLH
OVOTLINLH
QSO0TLNLH
0CO0TLINLH
OTOTINLH
00O0TLNLH
066 LNLH
084 LINLH
046 LINLH
056 INLH
066 INLH
Nys INLH
086 LNLH
026 LNIH
0T6 LNIH
006 LNIH
068 INLH
088 INLH
048 LINLH
098 LNLH
068 INLH
nye INLIH
028 LNILH
028 LNLH
018 INLH
008 INLH
06/ LNLH
08Z LNLH
047 LNLH
094 LINLIH
06/ INLH
Ovs LNLH
084 LNLH
024 AINLH
0T/ INLK
004 LINLH
069 LNIH
089 INLIH
049 ANLH
099 LINLH
059 LNILH
0v9 LINLH
089 LNIH
0¢9 LINLH
079 LINLH
009 LNLH
066 LINLH
084 LNLH
CLS INLH
094 LNLH

(089) 311y
0Tv‘00¥ 00p (18301 41
INNTLINGS

0Ty 0L 09

po= T93W0P

08806¢ 068 ((IHaiH) 4l
dan‘il= I 06¢ 01

(09) 3F9vd 1vD Cgt66 47" U2 ) 41
0=293W0r

0 = T93WOr

(IX8H = (1)dLH

(I)IH = (I)ILH

d43N‘T = 1 09¢ 0d

048 oL 09

IANILINGD

(IDILIHCIIYLIH (1) W0a(u9+9) 31luM

(0cf9) 3L1uM

(NIT) 39vd 1v)

9+dIN=N] T

0°0T=0

082028088 (T~1) 4I

00¢€°00g“0FE (D' 0T-0U5) 4dI
X4000%“(062°0Tg) OL 09

(X4000X%) MHOACG 77vD

aows 7 C (1H)¥H = A = (I)IH = X) = (I)ILH

A0S/ ¢ (I)IH = A + (I)dH # X) = (I)YLH
A x A+ X & X = J0S

NI 7/ NOTIX = JYHND + NYIX = NIT 7/ HNG = A
NOTIX#NIA/WIHND ~ HNV = X

M# VWWYD = N3Q

( WIHND CINAD CLIM ) bIND TI7VD
( 3YHND FHNAD LIM ) PIND 1Y)
( HNE ¢ MAG <LIM ) pIND WD
( HNY CONAY CLIM ) PINT O VD
(082°0L2) ‘LN 0L 09

(1)¥93W0 = M

d3N‘i=]1 0vg 00

0ge 01 09 O mN¥H ) 41

(IYIHACDHEHCT)VvOIW0(0949) JL1UM
¥INT = 1 062 00
(06G) 3LIYM
0y< 0L 09
(0%*9) JLIYM
( IMN ‘T = [
CCIYEINAD “CIXYNAD “C(IINAG “CIINAY “CIDLIM ) (0S¢9) 3LIHM

0¢Z 0L 03

WIHND “3YHND ‘HNE8 “HNY (02°9) dLlluM
0lc 0L 09 ¢ ¥7gvl ) 41
-0€2 01 09 ( NN¥H ) 41

NOTIX “NYTIX “YWWVD (0T“9) JiluM
¢ 09 ) 39¥d 1Y)
002°0924092(0°66-005) 4!

"3INngLc o= ygvl
LN 0Ll 0/2 NYISSY
061 0l 03B

(TYINAD = WIHND
(TIYNAD = FHHND

/8
09¢

0ge

Oye
oge

gege
0te
0og
06¢

gge

02

09¢
0se
0ve
oge
gce

0te

0o0¢
06T

08T

y 1000
e17000
211000
(17000
0TT000
607000
807000
£0T000
907000
607000
y07000
£0T000
20T000
107000
007000
660000
860000
£60000
960000
q60000
y60000
£60000
260000
760000
060000
680000
880000
£80000
980000
980000
¥80000
£80000
280000
180000
080000
640000
840000
££0000
940000
GL0000
v£0000
£40000
240000
1,0000
0,.0000
690000
890000
£90000
990000
§90000
#90000
£90000
290000
190000
090000
650000
850000
450000
960000
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Report 20672-P20

Ny TINLIH
0Z2pTINLH
OTHTINLIH
D0PTLINLH
06STANLH
D8CTINLH
0LETINLH
DGCTLINLH
0aCTLINLH
OPSTINLIH
QeETINLH
02 TINLH
CTCTINLH
NUSTLINLH
062TLNL
08CTLINLH
0LZTLINLH
0GZCTLINLH
NGZTLINLH
0v2TINLH
0C2TINLH
0CZTLINLH
DTZTANLH
00C2TLINLKH
06TTINLIH
DgTTLINLH
0/TTANLA
0v1TINLH
OGTILNLH
OFTTINLA

anN3

NHNL3Y

0=d3N

0:6 024018 (0141
(Iyg = (1) inod
£eT1=1 00g 04
INNILNOD

93WLT0 + (IDVYOHO0 = (T+]1)VIHO
CIVAINITLIHSCIDINTYLIH CIIVIOWO (09¢9) 3LI1dM
(UCE'9) JLTuM

(06°9) 3LIYM

¢ 09 ) 39vd IvI C NNYH " LON® ) 41

0/ ‘09 0Ly ¢ T-1 ) 41

06y '0Sy 08y (0°0T~-(3) 4I
COIYANTILHACDYVIWO (T TLH (D) Wod) vINT T7I¥0
COIYVINTHIH (DI YOWO “CTOHLH (1IWOd) vIND TV
0v‘T=1 06y 01

(TOINOTHIWOU= (T)HVYBWO

0°0=(THWod

0°0=CYLH

0°C=(1TI1H

T+43N=1

0769 7((T3IHWOMIWAQ~ (ZI3WOMIWOT) = DIWLTC
HIN= 293W0r

INNTLNGD

ovy 0L 09

ro= 293Kor

0EP08v 0n2h ((MI¥LH) 41

4aNl= r 08y Od

0¢s 01 09

071~ =Hy3

0¢s
0TS

név
08v
Ocv

09w
[BE=R4

134
02y

0Tv

Sy 1000
Py 1000
£vyT000
Zy1000
T¢1T000
0vy1000
681000
g¢T000
LST000
9¢T000
ae1000
ye1000
£eT000
281000
te7000
081000
621000
821000
(21000
921000
621000
Y21000
¢Z1000
221000
1270039
0c10090
6TT000
811000
LTT000
911000
611000
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Report 20672-P2D

T-#206%
MAN#
0¢s
gea
0t&a
00¢
0éb
1k°37
0LV
N9y
1594
[1E-27
1394
0y
tRe4
00p
neg
ogg
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KKK=KKKN+ 1
vOL1=SORT(J2TBL (1)}
VOL2=SQRT(U2TBL (KKK))

ARITE (6,220)1,ZZ(2%1-1),XXC1) ,VOL1/ KKK» ZZ(2%KKK=1)» XX (KKK) VOLZ

210 CONTINUE

220 FORMAT(//,40X, 25HVELCCITY POTENTIAL TABLE ,//,35X,
10SITION IN NOZZLE (INCHES) 1 /935X, 3FHX =
2T1aL (NONDIMENSTONAL)Y ,/,35X, 69RV = AXIAL VELOCITY

NOZM1160
NOZM1170
NOZM11890
NOZM1190
NOZM1200

AX1AL PNOZM1210
VELOCITY POTENNOZM1220
(UNDIMENSIONALNOZM1230

I17ZED BY SPEED OF SOUND AT THRQOAT) NOZM1240

4 /7 5K SHPOINT 21X, 1HZ 16X, LHX»15%» LHV, 16X, 5HPO INT, 11X, 1HZ 16X, LHNOZM1250
SX,16X,1HV,/7/,) NOZM1260
230 FORMAT(6X,13,6X,»3(E12.5,5X),6X,13,6X,2(E12.5,5X),E12.5,) NOZM1270
240 CONTINUE ! NOZM1280
SO SE 3R 2R e 30 4H 20 4R 4F 4 3 40 30 36 A0 2 40 48 26 30 SH 2B 3 3 NI B 3E R AR 3R % 30 0 38 3E 3F 30 3P 3R SR 4F 4R 4N 3E NOZM1290
REVERSE ORDER OF TABLE VALUES AND SET UP FOR INT4D# NOZM1300
250 NK = KN+1 NOZM1310
XTABLE(NK) = 0.0 NOZM1320
YTABLE(NKY = 0.0 NOZM1330

D0 260 1 = 1,KN NOZM1340

NK = NK = 1 NOZM1350
XTEBLECI) = XX (NK) NOZM1360
YTABLE(I) = U2TBL(NK) NOZM137u

260 CONTINUE NOZM1380
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R R R T ) NOZM1400
READ ONE CASE AT A TIME= NOZM1410
L I T ] NOZM1420
TWW = 410 NOZM1430

Iwo = 2 NOZM1440

NP = DINC3)Y + .0001 NOZM1450

IF (CODE - 99.0) 290,290,270 NOZM1460

270 NPR = NP + 3 NOZM1470
NPT = 3 = NP + 409 NOZM1480
CALL PAGE (NPR) NOZM1490
WRITE (6,280)(C DINCI), I = 410, NPT ) NOZM1500

280 FORMAT(1HO0,39X, 6X:4H WN,12X,6H(SNH)N,10X,4H DES // NOZM1510
1 (40X, 3E16.6 )) NOZM1520
290 CONTINUE MOZM1530
300 IF (CODE - 9.0 340,340,310 NOZM1540
SERE G SRR A S I I 3 4R35 3R 30 3H 3 F 30 2FSH 4 8 48 2 3 Ay B NOZM1550
PRINT HEADER AND CUTPUT SYMBOLS# NOZM1560
AR BABB BRI N RSB E B SRR T BN YR NOZM1570
210 CALL PAGE(70) NOZM1580
KPAGE=48 NOZM1590
KCOUNT=Q NOZM1600
WRITE (6,320) NOZM1610

320 FORMAT (1H0, 20H PROGRAM C OUTPUT ) NOZM1620
WRITE (6,330) NOZM1630

330 FORMAT(//4X,6H(SNHIC,3XZHWC»6X, THMACH NO»9X,2HAR, 14X, 2HAT, 14X, 2HBRNOZM1640
1,14X%X,2HBI,14X,2HCR, 14X, 2HCI/4X%, 6H(SNHIN,SX2HWN, 3X»1HG,6X, L3H=AR/(MNOZM1650
2ACH NO)Y»3X,13H=AI/(MACH NO),9Xs2HTL,14X,2HT2,8X,13H-CR/(MACH NO).3NOZM1660

3X113H=C1/(MACH NO)//)
340 CONTINUE

20 660 14 = 1,NP

W= DINCIWA)D

s = DINCIWW+1)

GO TO (350,350,360, MDESIR
350 DESIRE = DINCIWW+2)
S60 TWW = [WW + 3
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000351
0003852
000353
000354
000355
0600356
000357
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000359
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000361
000362
000363
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000365
000366
000367
000368
000369
000370
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000372
000373
0600374
000375
000376
000377
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600379
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000381
000382
000383
0eo3s4
000385
000386
000387
000388
000389
000390
000391
000392
000393
000394
000395
000396
000397
000398
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000400
000401
000402
060403
000404
000405
000406
000407

i Il

O aaOa

C
C
C

LR EER- SRR L R T R R R R ELR Rt

T2 = Al1s#TT + ©wRi

CASE 18 COMPLETEL

RRRR-LE L LR - R R R R R

FOR S=0

FOR

570

580

590
600
610
620

620

S=N ADM UOEF AR

IF(S)580,570,58M
DOUTLIWO+T )Y SALPHA

DOHT(TWO+101)=ALPHAL

DOUT(INO)Y=W/GED

DOUTC(IWO*+100)=W/GED

G0 TO 590
CONTINUE
DOUT(IW+19)=W/GED
DOUT(1W+49)=T1
DOUT(IW+79)=T2
DOUTCIW+109) = CR
DOUTCIN+139) = CI
IW0 =IW0+2

[F ¢ CODE = 9.
CONTINUE
KKKN=(2#]W)+1

E

R

1
1

0}

ADM COEF ARE ALFHA FOR 8005

FIR 9§83

660,660,600

IF(NOMEG=KKKN) 610,620,620

KKKN=KKKN=-1
KCOUNT=KCOUNT+4

TF{KCOUNT~KPAGE 640,640,630

CALL PAGE(70)
WRITE (6,320)
KCOUNT=0
KPAGE=48

EE LR TR LR LR RS EL R L

PRINT FINAL RESULTS=*

T B 2RI L W R P R

6490

LONGITUDINAL

TRANSVERSZ

NOZM3520
NOZMS530
NOZM3E540
NOZM3550
NOZM3560
NOZM3570
NOZM3580
NOZM3590
NOZM3600
NOZM3610
NOZM3620
NOZM3630
NOZM3 640
NOZM3650
NOZM3660
NOZM3670
NOZM3680
NOZM3690
NQZM3700
NOZM3713
NOZM3720
NOZM3730
NOZM3740
NOZM3750
NOZM3760
NOZM3770
NOZM3780
NOZM3790
NOZM3800
NOZM3810
NOZM3820
NOZM3830
NOZM3840
NOZM38S0
NOZM3 860
NGZM3870
NOZM3880

ARITE (6,650)WC(1),WC(KKKN),DESIRE,AR1,AT1,BR1,311,CR1,Ci1,S5,W,G, ANOZMIBID

1LPHAR, ALPHAL,»T1,T2,CHIR,CHII

650 FORMAT(2(3X,F7,4,2X,F7.4,3x,F7.4,6E16.5/))
FCCPS=(WCONST#WC (KKKN) Y #12.0

660
670

680

690

WRITE (6,6708)FCCP
CONTINUE

S

FORMAT (4X,BHFC(CPS)=F10.4//)

NOUT(205)=GESIRE
IF(S) 690,683,090
DOUTC(1)=NP
DOUT(101)=NP
RETURN
pouUT(18)=NP
DOUTINP+21)=20.0
DOUT(NP+51)=0.0
DOUT(NP+81)=0.0
DOUT(NP+111)=0C,
DOUT(NP+141)
RETURN

END

0
0
0
=0, 0
=0.C

NQZM3900
NOZM3910
NOZM3920
NOZM3930
NOZM3940
NOZM3950
NOZM39640
NOZM3970
NOZM3 980
NOZM3990
NOZM4000
NOZM4010
NOZM4020
NOZM4030
NGZM4040
NOZM4050
NOZM4060
NOZM4070
NOZM4080
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noo117
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000124

T3 = SQRT(U2TELJ+2))

XINT = XIRNT + PROD=(T1+4.0=T72+73)
K = K + 12
XX(K) = =XINT/RnaT
UZTBL(K=1) = JzTBL(J)

10 CONTINUC

U2TBLIIK)Y = UZ2TBL(KN)

Carsnsapartad
RETURN
END

VELP1150
VELPL1160
VELP1170
VELP1180
VELP11G0
VELP1200
VELP1210
VELP1220
VELP1230
VELP1240

02d-21907 Joday



181 abed

000001
000002
000003
000004
cogoos
000006
000007
o0ooo08
600009
000010
060011
000012
000013
000014
000015
000016
o6ooo17
000018
000019
000020
000021
000022
000023
6op024
000025
0000Z6
np0gz7
000028
000029
000030
(00031
000032
000033
000034
000035
000036
000037
600038
000039
000040
000041
000042
0060043
000044
000045
000046
000047
000048
000049
000050
000051
000052
600053
000054
000055

@ ELT

SUB13,1,690708, 48734

3

21

10
20

30

60

SUBROUTINE LONSGL

COMMON  ZABCDF /  DINP(4300)

DIMENSION

K EXTRAC1Q0) . DISTL(20),DISTM(20),AH1T(90),

I3 TAB(159,3), OMG(150), ALFR(150), ALFI(150), W(27)
EQUIVALENCE

1 (EXTRACL1),GAMMAY, (DINP(107), UGIBAR ) » (EXTRA(23),
2 (EXTRA(14),RAC), (EXTRA(LS)Y, ELCH), (EXTRA(16),S0UND,CO)
3 CDINPLL7),ULM ), LINPCL8)Y, ZK )y

4 (EXTRA(20),ELNOZ)Y, (EXTRA(S1)DISTL)» (EXTRA(71),DISTM),
5 (DINPC(1), EXTRAY,

[} (DINP(151),T4B,0MG), (DINP(301),ALFR),(DINP(451),A0F1),
7 (DINP(A0O1),AMIT)

FORMAT (21X F7.1, 11X F10.5, 10¥% F10.5, 10x F10.3)

LONG
LONG
LONG
LONG
LONG
LONG
LONG
W)y LONG
’ LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG

FORMAT ( 7/ 11x 304 RESULTS FOR LONGITUDINAL MODE //Z21X7HFC(CPS) LONG

1 O1EXSHOMECALEAXTHTAU(MS Y16 X1HN )
FORMAT (//76H UL1BAR =,E15.8,3X,7HGAMMA =,£15.8,3X,3HK
LX,3HY =,E15.8,8X5HULM =£15.8

TALL  PAGFE  (60)
NINC = 10
EIN = 1.0E-4
CALL  INT4  C DISTL(1), DISTM(1), ELCH, EDISY )
CALL INTGR (0.0, ELCH, X, NINC)
CONTINUE

CALL  INT4  ( DISTL(L), DISTM(1)., X s HOFX )
CALE O INTGS($31, UOFX, SUMM, EIN, MINC)
XX = 1.0 - SUMM/(EDIST=ELCH)
ULO = ULM / SOUNI
WRITE (6,30)U1BAR, GAMMA, ZK, XX» ULM
WRITE (6,20)
U1BARZ2=U1BAR#U1BAR
TiBAR=1.,0~.5# (GAMMA~1 ,0)#1J1BAR2
C1RAR=SQRT(T1EAR)
ZETA1B=1.0/(T1BAR~GAMMA#UIBARZ2#(ZK-1.0))
ASTAR=2.,0#C1BAR/!C1BAR##2-11BAR2)

NOMEG = EXTRA(Z?2) + ,001
1J = NOMEG-1

KK = 1

IK = 3#1J + 1

no 60 J = 1, 1J
OMGIKK) = W(
DELT = 9.2%(W{J+1)=W(J))
KK = KK+1
DO 60 I =1, 4
OMG(KK) = OMG(KK-1) + DELT
KK = KK + 1
CONTINUE
OMGIKK) = WINCMEG)
DO 70 KK = 1, IK
CALL INT&  ( AMIT(i), AMIT(31), OMG(KK), ALFW(KK) )

LONG
=,E15.8,3L0NG
LONG
LONG
LONG
LONG
LONG
LONG
LONG

LONG

LONG
LONG
LONG
LONG
LONG
L ONG
LONG
LONG
LONG
LONG
L ONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG

10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
241
250
260
#NEW
270
#NEW
290%u-1
300
320
350
360
370
380
390
400
410
420
430
440
451
460
470
4890
49C
500
10
520
5350
540
550
560
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000056
000057
000058
000059
000060
000061
000062
000063
000064
000065
000066
000067
000068
000069
000070
0600071
600072
000073
000074
000075
000076
000077
000078
000079
000080
000081
ongoez
000083
060084
000085
000086
oooos7
000088
000089
000090
000091
000092
000093
000094
600095
000096
000097
000098
000099
noo100
000101
000102
600103
000104
00010%
060106
oeoLo7
00p108
060109
000110
060111
000112
000113
000114

m

70

&0
ae

100

110
120

130

CALL  INT4 ¢ AMIT(1), AMIT(61), OMG(KK), ALFIi(KK) )
CONTINUE

D0 130 I = 1, 1K
IF ¢ 1 .EQ. 51 .0R. 1 .FQ. 101 ) CALL PAGE (¢ 60

OMEGA=TAB(I,1)

ALPRE=TAB(].2)

ALPIM=TAB(1,3)
DENB=(C1BAR-ULSAR=®ALPRE) ##2+ULBARZ2#ALP [MuALPIM
BRE=(C1BAR#CIBAR-ULBARZ# (ALPRE#ALPRE+ALPIM®ALPIM))/DENB
BIM=2.0#C1BAR*UIBAR®ALPIM/DENB
UL=yLOo-ZKeXX
ZETAL=ZETA1B#U1BAR/UL
A=2.0#ZETALB#U1BAR=GAMMA=ZK/OMEGA
B=T1BAR/GAMMA+U1BAR2/GAMMA
C=2.0#U13AR#C1B4R/GAMMA
[=1.0+ZETAL®ZK/0OMEGA
PHI=OMEGA=ASTAR%(1.0-XX)
THETA=2.0#0MEGA#XX
SINPHI=SIN(PHI)

COSPHI=COS(PHI)

SINTH=SIN(THETA)

COSTH=COS(THETA)
CR=1.0+BRE=#(COSPHI-BIM*SINPHI
CI=BIM#COSPHI+BRE#SINPHI
DR=1.0-BRE#COSPHI+BIM=S{NPHI

DIz -BIM#COSPHI-BRE=SINPHI
ER=1.0-COSTH

El= SINTH
FR=1.0+COSTH
FI=-SINTH

)

ILONG
- ONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
L ONG
LONG
LONG
L. ONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG

CAPI=(FR/GAMMA) = (J1BAR#CR-C1BAR=DR) -(FI/GAMMA) # (U1BAR*CI~C18AR=D1)ILONG

1+(DeB-ULBAR=A) % (FR=*CR-EI1#C1 )+ (C1BAR®A-CxD) « (ER=*DR-E1=DI)

LONG

CAPJ=(FI/GAMMA) = (UULBAR=CR-C1BAR*DR)+(FR/GAMMA) = (ULBAR®CI~C1BAR*DI)LONG

1+(D#*3-ULBAR®A) # (ER*CI+EI#CR)Y+(C1BAR*A=CaD) s (ER*DI+E1«%DR)
CAPK=FR*(BaCR~-C*DR)~F = (B=C1~-CxDI)
CAPL=FI=(B2CR-C*DR) +FR#(RBzCI-C*DI)
DENMN=CAPK=CAPK+CAPL*CAPL

CAPM= (CAPK=CAPI+CAPL=CAPJY /DENMN
CAPN=(CAPK#CAPJ-CAPL*CAPI)/DENMN
SE=UL=*GAMMA®# (1. 0+ZETAL-ZETALB)

T=.5% (CAPMsCAPM+CAPN#CAPN) /CAPM
IN=T/SE

CO0SON=1.0-CAPM/T

SINOD = CAPN /1

UMDEL = ATAN(SINOD/COSOD)

I (SINOD) 80,110,110

IF (COSO0D)Y 160,100,90
OMDEL=6.2R31853+0MNEL

GO TC 120

OMDEL=3.1415927+0MDEL

Go TO 120

iF (C0SO0n) 106,220,120
LELTA=0MDEL/OMECA

NON-DIMENSIONALIZED RESULTS

TAUMS = DELTA=ELCH/SOUND*H3.333333
FPEQ = OMEGA#SCHUND/EL 1:%12.0/6.2831853
WRITE (6,10) FREQ, OWEGA, TAUMS, ZN
CONTINUE

RETURN

LONG
LONG
LONG
LONG
LONG
LONG
LONG
LONG
LOUNG
ILONG

570
580
590
600
€10
620
520
640
650
660
670
680
690
700
7140
720
730
740
750
760
770
780
790
800
10
820
830
840
850
860
870
€80
890
910
910
920
930
940
950
960
970
980
990

LONG100O
LONG1010
LONG1020
LONG1030
LONG1O40
LONGL105G
LONGL106U
LONG1070
LONG1080
LONG1090
LONG110GC
LONG1110
LONG1120
LONG1130
LONG1140
LONG1150

(2d-2.907 Hoday
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g1 abed

000001
gogoo2
000003
000004
000005
600006
000007
000008
000009
000010
000011
000012
000013
000014
000015
nooo1é
000017
000018
000019
000020
gogo21
000022
000023
000024
000025
0oo02é
000027
000028
000029
000030
000031
000032
000033
000034
000035
000036
000037
000038
000039
000040
000041
000042
000043
000044
600045
000046
000047
000048
000049
000650
000051
0ooo052
000053
0600054
000055

@ ELT

SuB14,1,690702, 39141

Creseatadataits ¥R iapiadas

O

o

SUBRIUTINE FFF

¢ FIN, FOUT, CF, NER, W)

R - R R R RHERD

R R R AR R AR AR B-E R R X

NTAU
NTAU

DIMENSION FINCL)»FOUT(LY,»A(133),BC133),0MGA(L1), A1), TAUCL)Y  OMX(1INTAUY
1,HTRINT (L), HTIINT (1)
DIMENSION XNNEW(41),FCCPS(41),W (1)

COMMON  /ABCDF 7/

CONST=FOUT(101)
XNMIN=1006.0
CALL PAGE(70)

MTAU
NTAU

EXTRACLOG), ABLOK(600), A + B, XNNEW, FCCPS NTAU
EQUIVALENCE (A(S),0ONW)» (AC10),0MGAY, (ACSL), HTRINT ), (A(92),HTLINT),NTAU
T(BC9) , XNW)Y, (B(1M),OMX), (B(51),TAU), (B(92),XN)

CALL DVCHK (KOgnFx)

10 DO 20 I=1,133
ALY =FINCD)

20 B(IH=0.9
NER=IFIX (ONW)
XMNW=ONW

IF(CF-9%.0)70,70,30

30 rTALL PAGE (44)
WRITE (6,40)

40 FORMAT (1H0,50H PROGRAM F  INPUT SOLVE FOR N{w) AND TAU(Y)
1//719%,8H(OMEGA)D, 9%, 6-HTRINT, 10X, 6HHTLINT)

DO 50 I =1-4N

50 WRITE (6,60)0MGACL),HTRINTC(I), HTYIINT(])
60 FORMAT(1IH ,10%X,3F16.6)

70 CONTINUE
DO 120 1 =1.40

XNCI)=(HTRINT (I *HTRINT (1)
HTRINT (1)

DNOM = XN(J) -

CALL QUAD (DNOM,HTIINT<I),TAUCL))
TAUCI)=(TAUCI)=A(1)#83.333333)/(A(2)+0MGA(]))

A(1)=L,A(2)=C0
OMX{1)y=0MGACT)

CALL DVIHK (K2DOFX)
GO TO (80,90),K000FX

80 NER=0
GO TO 220

90 IF(XN(1})120,120,100

100 TFOXNCIY-XNMIN)
110 XNMIN=XNCI)
IMIN=1]
120 CONTINUE
Vo 130 I=1,100
130 FOUT(I) = B(D)
IF ( CF=-9.0)
140 CALL PAGE (45)
WRITE (6,150}

110,120,120

180,180,140

150 FORMAT(LHOD.Z20H PROGRAM F  OUTPUT  //21X, THFZ(C=S), 33X, 8HIOMEA)Y U,
113X, 7HTAU(MS) , 16X, 1HN )

L0 160 I=1,40

FOCPS(I)=CONST=OMX(])
160 WRITE (6,170)0FCCPSCLy  OMX (L), TAUCTY v x4 1)

170 FORMAT(21%X.F7.1

C11X,F10.5,10%,F10.5,10x%,F10.5)

+ HTLIINTCI) #HTIINT (Y /(2 0#HTRINT (D))

NTA&U
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAY
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NTAU
NT2U
NTAU
NTAU
NTAU
LTAU
NT AU

ie
20
30
49
50
60
70
80

109
110
129
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
200
310
320
330
340
350
360
370
3806
390
400
410
420
430
440
453
460
474
480
496
500
514y
520
530
2540
S50
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681 abed

000056
000057
Unoos8
000059
000060
000061
000062
000063
000064
000065
000066
600067
000068
000069
000070
000071
000072
000073
000074
000075
000076
cooo077
000078
600079
000080

180 HTIINT(41) = 0.0 NTAU
HTRINT(41)=0.0 NTAU
XN(41)=9,0 NTAU
OMX(41)=0.,0 NTAU
FCCPS(41)=0.0 NTAU

190 FORMAT(36X,5HNMIN=,F10.5,/36X,8HTAU(MS)=,F1(0.5, /736X, 9H(OMEGA)D=,F1iNTAU

10.5,/736X,BHFC(CPS)=,F10.1,) NTAU
Do 200 I =1,40 NTAU

200 CALL INT4DCOMX(2),XNCL) OMXCI)»SAVNOT, XNNEw(I) NTAU

XNNEW(41)=0,0 NTAU

CALL INT4(XNNEW(1),0Mx(1),0.0,DOMMIN) NTAU
FCMIN=CONST#DOMMIN NTAU
CALL INT4(FCCPS(1),HTRINT(1),FCMIN,HTR1) NTAU
CALL INT4(FCCPS(1),HTIINT(1),FCMIN,HTI1) NTAU
HIRMINZ (HTRISHTRI+HTI1+HTI1)/(2.04HTR1) NTAU
DMOM=HTRMIN-HTR1 NTAU
CALL QUAD(DNOM,KTIL,TAUMINY NTAU
TAUMIN=(TAUMIN®A(1)283.333333)/(A(2)#DOMMIN) NTAU
CALL PAGE (8) NTAU
WRITE (6,210) NTAU
210 FORMAT(//21X.58H THE FOLLOWING ARE VALUES I[NTERPOLATED AT SLOPE OFNTAU
1 N=0.0 y 7/ NTAU
WRITE (6,190)YHTRMIN, TAUMIN,DOMMIN,FCMIN NTAU

220 RETURN NTAU
END NTAU

560
570
580
590
600
610
624
630
640
650
660
670
680
690
700
710
720
73¢C
740
750
760
770
780
790
800

(zd-21907 Moday



981 obed

Gnooo1
000002
000003
nnooo4
000005
000006
poooo7
googos
000009
000010
000011
600g12
000013
000014
000015
000016
000017
pooois
000019
000020
000021

@ ELT

Sue15,1,6907072, 3914¢

SUBROUTINE GUAL
IF(B)y 10,50.,80
16 1F(A) 20,30,40

20 ROTATE = 3.14159727

GO TO 110

30 ANGLE = 4.712383¢C

GN TO 1290

40 ROTATE = 6.2831853

GO 7O 110
50 IF (A) 60.,70,70

60 ANGLE = 3.1415927

G0 TO 120
70 ANGLE = 0.1
GO To 120
80 IF(A) 20,%0,100

90 ANGLE = 1.5707963

GO TO 120
100 ROTATE = 0.0

110 ANGLE = ATAN(B/A)

120 RETURN
END

(A,B,»ANGLED

QUAD
QUAD
QUAD
QuAD
QUAD
QUAD
QUAD
QuUAD
QUAD
QUAD
QUAD
QUAD
QUAD
GUAD
QUAD
QUAD
QUAD
QUAD
QUAD
QUAD
QUAD
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681 abed

000001
000002
000003
000004
000005
000006
000007
000008
000009
000010
000011
000012
000013
000014
000015
6ogoo016
000017
gooo1s
000019
000020
000021
p0o022
000023
000024
000025
000026
000027
000028
000029
000030
000031
000032
000033
0000634
000635
000036
000037
000038
000039
000040
000041
000042
000043
000044
000045
000046
000047
000048
000049
000050
000051
000052
000053
0060054
000055

@ ELT SUB18,1,690708, 48741

OO

LR

10

20

30
40
50
60

SUBROUTINE JJJ JECT
JECT

seanveesrsr DECK MODIFLIED 20 AUG 67 BB R LR BET R RN JECT
JECT

DIMENSION THET1(1450), R1(1450), TMU(1000) JECT
DIMENSION NELEC(1000),X(1000),Y(1000),NTYPEE(1000),R(22)JECT
1, THETA(182),AS(20), WTE(L000),AAX{10UC),AAF(1000),NBAND(L000), XMRE(JECT
210000, XMUTCT(20),AXTY (200), AFTY(200),XX(1000),YY(1000) JECT
COMMON  /JECTOR/ DATA ( 9600) JECT
JECT

EQUIVALENCE (DATA(3),xM), (DATAC4),XN) JECT
EQUIVALENCE (DATA(1021),THET1), (DATA(Z2471),R1), (DATA(3921), TMU) JECT
EQUIVALENCE (NTYPEE,DATA(2001)), (AXTY,DATACL1001)), (AFTY,DATA(1201)JECT
1), (DATAL1921),XX), (DATA(2921),YY), (DATA(4921),XMUTHT) JECT
JECT

NERROR=0 JECT
SECT=DATA(S) JECT
WT=DATA(9573) JECT
RINJ=DATA(9574) JECT
XMR=DATA(9575) JECT
FFC=DATA(9576) JECT
DFFC=DATA(9577) JECT
NT=DATA{(9370)+.0001 JECT
POLAR=DATA(9572) JECT
NE=DATA(9571)+.0001 JECT
ROX=DATA(9579) JECT
ROF=DATA(9580) JECT
EMUMAX=5.0 JECT
PxADJ=1.0 JECT
PFADJ=1.0 JECT
CDX=DATA(9585) JECT
CDF=DATA(9586) JECT
XFC=DATA(9591) JECT
DXFC=DATA(9592) JECT
PFFC = DATA(9589)7100.0 JECT
PXFC = DATA(9590)/100.0 JECT
IF (XM ,EQ. 0.0 ) XM = 20.0 JECT
IF ( XN .EQ. 0.0 ) XN = 180.0 JECT
K=319 JECT
THFNL=6.2831853/5ECT JECT
IF(DATA(322))20,30,30 JECT
ROTATE=3,1415926/SECT JFCT
GO T0 40 JECT
ROTATE=0.0 JECT
IF(POLAR)50,180,50 JECT
IF(SECT~-1.01)80,80,640 JECT
DO 70 I=1.NE JECT
KK=K+1 JECT
NELE(I)=DATA(KK)+.0001 JECT
XCI)=DATA(KK+1) JECT
YCI)=DATA(KK+2) JECT
NTYPEE(I)=DATA(KK+3)+.0001 JECT
SAVE=SQRT(X(I)aX{I)+Y (1))=Y (1)) JECT
YCI)S(ATANCY (D) /X (1)) )+ROTATE JECT
X{1)=SAVE JECT

10
20
30
40
50

70

8J

90
130
140
150
160
170
180
200
2140
220
230
240
250
2610
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
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061 abed

000056
000057
000058
000059
000060
000061
000062
000063
0N0064
000065
000066
000067
000068
000069
000070
000671
000072
000073
000074
000075
000076
000077
800078
000079
000080
000081
000082
000083
000084
000085
000086
000087
000088
000089
000090
000091
000092
000093
000094
000095
000096
500097
060098
000099
6001090
600103
000102
000103
000104
000105
000106
000107
000108
000109
000110
000111
000112
neo113
000114

K=K+4 VECT 600

70 CONTINUE JECT 610
G0 70 220 JECT k20

80 DO 170 I=1,NE weCT 630
KK=K+1 JECT 640
NELEC(I)=DATA(KK)Y+.000: JECT 650
X(TY=DATA(KK+1) JECT 660
Y(IY=DATA(RK+Z) JECT 670
NTYPEE(I)=DATA(KK+3)+.0001 JECT 684

o THE FOLLOWING SEGMENT OF CODING REPLACES SU3IROQUTINE MOVXY... JECT 690
IF C Y(I)y ) 90,130,140 JECT 700

90 I X(1) ) 100,110,120 JECT 710
100 ROTATE = 3.1415927 JECT 720
GO 70 160 JECT 730

110 XCIY = 1.0E-15 JECT 740
120 ROTATE = 6.2231853 JECT 750
GO TO 160 JECT 760

13C ROTATE = G.0 JECT 770
G0 70 160 JECT 780

140 IF C X(1) ) 100,150,130 JECT 790
150 X(I) = 1.0E-15 JECT 800
ROTATE = 0.0 JECT 810

160 SAVE = SQRT ( X(I=X(I)+Y(L[Y=Y(I) ) JECT 820
SAVE=SQRT(X (D) =X (I)+Y (1))=Y (1)) JECT B30
YCI)Y=CATANCY (D) /X (1)) )Y+ROTATE JECT 840
X(1)=SAVE JECT 850
KzK+4 JECT 860

170 CONTINUE JECT 870
GO TO 220 JECT 880

180 IF(SECT-1.0)1%0,190.200 JECT 890
190 ROTATE=0.0 JECT 900
200 DO 210 I=1.,NE JECT 910
KK=K+1 JECT 920
NELE(I)=DATA(KK)+.0001 JECT 9380
XCI)=DATA(KK+1) JECT 940
Y(I)=(DATA(KK+2)%.0174532)+R0OTATE JECT 95¢
NTYPEE(I)=DATA(KK+3)+.0001 JECT 960
K=K+4 JECT 970

210 CONTINUE JECT 980
CCECCCCCCOCCCCICREoCClnCCCCCCCCCGCECCoTCCrCtoCCCCCCCCnnCCCCCTCCCCCLCCLCCUERT 990
o CALCULATING AREAS QF ELEMENTS JECT1000
CCCCCOCCCCneClrCeCeeceCrCeCCCiCCcCeCCCCtoCCeCrCCCCCCCrcCCCCCCCCCCCCCCnCCUECT1010
220 NN=4944 JECT1020
[0 286G 1=1.NT JECT1030
KK=NN+1 JECT1040
MST=DATA(KK)I+.0701 JECT1050
KK1=KK+1 JECT1060
JJzKK1 JECT1070
NX=DATA(KK1)+.0001 JECT1086
AXTY (NSTH=D.0 JECT1090
IF(NX)230,250,230 JECT1100

230 Ti0 240 JX=1,NX JECT1110
SJTKKI+JX JECTI120
AXTY(NSTY=AXTY(NST)I+(. 75653891+ (DATACJII=DATACIII YY) JECT1130

240 CONTINUE ECT21140
250 MN1=JJ+1 JECT1150
NN=NNL GECT1160
NF=DATA(NNT ) +.000 JECT1170

EFTYINSTYzu .0

JECT1180

azd-z1907 Moday



161 abed

000115
000116
000117
000118
000119
000120
000122
000122
000123
000124
000125
000126
000127
000128
000129
000130
000131
000132
000133
000134
000135
000136
000137
000138
000139
000140
000141
000142
0060143
000144
600145
000146
000147
000148
000149
000150
000151
000152
000153
000154
000155
000156
000157
000158
000159
000160
000161
000162
000163
000164
000165
000166
000167
000168
000169
000170
000171
000172
000173

260

270
280

290

TF(NF)260,280,260
J0 270 JF=1,NF
NN=NN1+JF

AFTY(NSTI=AFTY(NST)+(.7653981=(DATA(NNY*DATA(NNYY)

CONTINUE

CONTINUE

AXTDT=0.0
AFTOT=0.0

no 290 I=1,NE
NN=NTYPEE (D)
AAX(T)Y=AXTY(NN)
AAF CT)=AFTY (NN)
AXTOT=AXTOT+AAX(])
AFTOT=AFTOT+AAF (1)
CONTINUE
AXTOT=AXTOQT#SECT
AFTOT=AFTOT#SECT

JECT1190
JECT1209
JeCT12190
JECT1229
JECT1230
JCT1240
JECT1750
JECT1260
JECT1270
JECT1280
JECT1290
JECT13060
JECT131Y
JECT1320
JECT1330
JECT1340
JECT1350

CCCCCCCCCLCCCaCCCCCLCetrCClCrCcCCCCCCCClCCCCCCCCClCloCCCCCCtCCCCCCCCCCCUELT1360

9

CALCULATING RADTI AND ANGLE BOUNDRIES

JECT1370

CCCLCaCCCCCOCClaCeClCCearaCeCCCelonCCCCCCCeleCCCCCCCCCCCCCCCCCCCCCCCUCCUECTL380

300

320

NPTS=180.0/SECT

TPS=NPTS

DELTH=THFNL/TPS

AREA = 3.141592 # RINJ#=2
ASECT = AREA/(XM#XN)

R(1) = 0.0

ANP = ASECT = 180.0 s/ 3.141592
DO 310 1 = 2,21

R(I) = SQRT ( ANP + R(I=1)#%2)
CONTINUE

rR(22) = 0.0

XNUM=0.0

NPTS1=NPTS+1

DO 320 J=2.NPTS1

XNUM=XNUM+1 .0
THETA(J)=DELTH#XNUM

CONTINUE

JECT1390
JECT1400
JECT1410G
JECT1420
JECT1430
JECT1440
JECT1450
JECT1460
JECT1470
JECT1480
JECT1490
JECT1500
JECT1510
JECT1520
JECT1530
JECT1540
JECT1550

CCLCCCCCOCCCCoCCCeCCCrCrCCCCCCCrCCCCCCOCCCLrCCCCoCCCCrnCCCCCCCOCCCCCCCLCUECTLISA0

c

CCoeeceeceececzoeanceeanceeceeeeceaeeecoeeeeceececceceoccececcececcecceccec

330
340
350
360
370

380

390

CALCULATING WEIGHT FLOW

WFT1=WT/{XMR+1.0)
WXTL=WT-WFTL

WFT2=WFT1

WXT2=WXT1
IF(PFFC)340.340,330
WFT2=WFT1%(1,0-PFFC)
IF(PXFC)360,360,350
WXT2=WXT1l#{(1.0-PYFC)
SIGMEN=WT/Z(3,.141592#RINJ=RINY)
AXTMAX=AXTOT

AXTMIN=AXTOT

AFTMAX=AFTOT

AFTMIN=AFTOT

AFFC=0.0

AXFC=0,0
IF(DFFC)400.,400.390
AFFC=FFU#, 7853598« DFFC*DFFC
AFTMIN=AFTMIN-AFFC
AFTMAX=AFTMAX=AFFC

JECT1570
CUCJECT158¢0
JECT1590
JECT1600
JECT161D
JECT1620
JECTL1630
JECT1640
JECT1650
JECT1660
JECT1670
JECT1680
JECT1690
JECT1700
JECT1710
JECT1724
JECT1730
JFCT1740
JECT1756G
JECT1760
JECT1770
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261 abed

000174
000175
000176
060177
000178
L00179
000180
000181
000182
000183
000184
000185
000186
000187
000188
000189
000190
000191
000192
000193
000194
0600195
000196
000197
000198
000199
000200
000201
300202
000203
000204
000205
000206
600207
000208
000209
0002190
600211
nogz12
000213
000214
000215
000216
000217
000218
000219
000220
000221
000222
000223
000224
600225
000226
000227
ooozzs
000229
000230
000231
gooz23?

400
410

420

440
450

460

470
480

490

500

IF(DXFC)420,420,410
AXFC=XFC#.785398#DXFCxDXFC
AXTMINSAXTMIN-AXFC
AXTMAX=AXTMAX=AXFC

AXNOM= (AXTMAX+AXTMIN) /2.0
AFNOM=(AF TMAX+AFTMIN) /2.0
IF (DFFC+DXFC) 440,440,430
WXT2= (WXT2#AXNOM) / (AXNOM+AXFC)
WFT2= (WF T2 AFNOM) / (AFNOM+AFFC)
XMRL1=WXT2/WFT2
ETOF=0.0

ETFF=0,0

QX=HXT2/AXTOT
AF=WFT2/AFTOT

CALL DVCHK (KOODOFX)

D0 480 I=1,NE

NBAND(I)=0

WFE1=AAF (1)=QF
WXE1=AAX(1)#QX
KTE(I)=WFEL+WXEL

XMRE (1) =WXE1/WFEL
ETOF=ETOF+WXEL
ETFF=ETFF+WFEL

CALL DVCHK (KUODCOFX)

GO TO (470.480),K000FX
NBAND([)=-1

CONTINUE
ETOF=SECT#ETOF
ETFF=SECT=ETFF
WMRELM=ETOF /ETFF
AXXTT=AXTOT+AXF C
AFFTT=AF TOT+AFFC

WFT2 = ETFF

WXT2 = ETOF
WFT1=WFT2/(1.0-PFFC)
WXT1=WXT2/(1:0-PXFC)

WFTL = WFT1#AFFTT/AFTOT
WXT1 = WXTL1®AXXTT/AXTOT
XMRINJ=WXT1/WFT1

D= ((WXTL/(CDX#AXXTT))#22)52.2360248
WTOT=WXT1+WFT1
DPX1=D/ROX
D= ((WFTL/(CDF#AFFTT))#22)%2.2360248
DPF1=D/ROF

TOFCF = WXT1w(1.0 = PXFC)

TOFCF = (TOFCF#(AXXTT = AXFC))/AXXTT
TOFCF = WxTi - TOFCF

TFFC = WFT1e(1.0 = PFFC)

TFFC = (TFFC*(AFFTT = AFFC))/AFFTT
TFFC = WFTL1 - TFFC

VINJX=SQRT((9273.6%DPXL /R0OX))

VINJF=SQRT((9273.6=DPF1 /ROF))

XXY=TPS#SIGMEN®SECT

WwRITE (6,820)

GO TO 500

WRITE (6,760)AXTOT,AFTOT,AXFC,AFFC,AXXTT,AFFTT, 9FX1,DPF1

WRITE (6, 773)WTOT, WMRELM, XMRINJ,ETOF,ETFF,TerCF, TFFC, WXT1,

TVINIX, VINJF
PFFC=PFFC#10U0.0

WFT1
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000233
000234
000235
000236
000237
000238
000239
000240
060241
000242
000243
000244
000245
000246
000247
000248
000249
000250
000251
000252
000253
000254
000255
000256
0600257
000258
000259
000260
000261
gooz62
000263
000264
000265
000266
000267
000268
000269
000270
000271
000272
000273
000274
000275
000276
000277
000278
000279
000280
000281
000282
000283
000284
000285
000286
000287
000286
000289
000290
000291

510

520

530

540

550

570

580
590

PXFC=PXFC%100.0
WRITE (6,830)WT,NT,NE,CDX

WRITE (6,780)CDF,PFFC,PXFC,DFFC,DXFC,FFC,XFC,ROX,ROF

CALL PAGE(7D)

WRITE (6,810)
NPGE=49

[0 540 I=1,NE
IF(NPGE~-1)520,520,530
CALL PAGE(70)
NPGE=NPGE+48

WRITE (6.,810)
DEGREE=Y(I)/.0174532
BaX(I)aSIN(Y(]))
A=X(1)=2COS(Y (1))

WRITE (6,800)NELECI),NTYPEE(I),X(1),DEGREE,4,B

CONTINUE

CALL PAGE(70)

NPGE=46

JCONT=0

WRITE (6,840)

NN=4944

DO 670 I=1,NT

KK=NN+1
NST=DATA(KK)+.0401
KK1=KK+1

JJ=KK1

NX=DATA(KK1)+,0001
JCONT=JCONT+NX+1

IF (NPGE-JCONT)S550,550,560
CALL PAGE(70)

WRITE (6,840)

JCONT=0

AXMAX=0.0

AFMAX=0.0

WFE1=0.0

WXEL1=0.0

WRITE (6,850)NST,NX
IF(NX)570,590,570

DO 580 JX=1,NX

JJTKK 1+ UX
A=.7853891#DATA(UI) =DATA(II)
B=A#QX

WRITE (6,860YDATA(JI) 7A»B
AXMAX=AXMAX+A

WXEL1=WXEL1+B

CONTINUE

NN1=JJ+1

NN=NN1

NE=DATACNNLI)+, 0001
JCONT=zJCONTHNF+2
IF{NPGE~JCONT)600,600,610
CALL PAGE (70)

WRITE (6.840)

JCONT=0

WRITE (6,870)NF
IF(NF)£620,640,620

D0 630 JF=1.NF

NN=NNT+JF

A= ,7853891«DATA(NN)#DATA(NN)
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000292
300293
000294
(00295
000296
000297
000298
000299
000300
000301
000302
000303
000304
000305
000306
000307
000308
000309
000310
000311
000312
000313
000314
000315
000316
000317
000318
000319
000320
000321
000322
000323
000324
000325
000326
600327
000328
000329
000330
000331
000332
000333
000334
000335
N00336
000337
000338
000339
000340
000341
600342
660343
000344
000345
oeo346
000347
000348
000349
000350

BzA*QF
#RITE (6,880 ATA(NN) ., A,B
AFMAX=AFMAY+A
WFE1=WFE1+3
630 CONTINUE
640 WTOT1=WXE1+WFEL
IF(WFEL)660,650,660
650 WRITE (6,900)AXMAX, AFMAX,KTOT1
GO TO 679
660 XMR1=WXEL/WFE1
WRITE (6,890)AXMAX, AFMAX,WT0T1,XMR1
670 CONMTINUE
680 READ (13) DATA
BACKSPACE 13
LINKNT = 0
AJS = XMuXN/KWT
DO 700 J = 1,NE
TMUC(U)Y = WTE(J)®AJS
IF (LINKNT .GT. () GO 10 690
CALL PAGE(70)
WRITE (56,9100
WRITE (6,930)
LINKNT = %0
690 WRITE(6-920) J, X(J), Y(J), TMU(D)
LINKNT = LINKNT - 1
700 CONTINUE
Do 705
XX (1)
705 YY (Il
WRITE (13) DATA
BACKSPACE 13
XMUMAX=0.0
AJS = AJSHIECT/XN
DO 730 J=1.,20
TOTW=0.0
XXX = XXY @ ASECT
DO 71C I=1.,NE

HoH o=
< X n

IF (X(I) .LE. R(J+1) .AND. X{I) .GT.

~)
s
o

CONTINUE
XMUTOT(J) = TOTW*AJS
[F(XMUTOT (J)-XMUMAX)7 301,730,720
720 XMUMAX=XMUTOT(J)
730 CONTINUE
CALL PAGE(70)
WRITE (6,790)
Do 740 J=1,20
XXMAX=XMUTOT(J)/XMUMAX
WRITE (6,750)R(J+1),XMUTOT(J)»XXMAX
740 CONTINUE
RETURN
750 FORMAT(32x,F6,3,14X,F7.3,13X,F6.4)

R(J)

TCTHW

TOTW + WTECD)
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760 FORMAT(//,5X,28HA... ,PROPELLENT ORFICE AREAS,//,9X,34HELEMENT TOTAJUECT3460

JECT3470

COOLING AJECT3I480
=,F11.8JECT3490

=,F11.8,84 SQUECT3I®00

1L OXIDIZER AREA =,F11.8,8H SQ. IN.,15X,30HEL_EMENT TOTAL fU=s!

ZAREA =sF11.8,8H SO. IN.,/,9%,34HT0TAL OXIDIZER FILM

3kEA =,F11.8,8H SQ. IN.,15X,30RTOTAL FUEL FILM COOLING ARta

4,8H SQ. IMN../.9X,34HINJECTOR TOTAL OXIDIZER AREA

5. IN.,15X, 30HINJECTOR TOTAL FUEL AREA =,F11.8,8F SQ. IN.»//,5XJECTE510
6,54HB... . INJECTOR PRESSURt DROPS FOR ABOVE IMJECTOR DESIGN,//,G8X,

724HOXIDIZER PRESSURE DROP =,F6.1,3HPSI,35X,20HFUEL

PRESSURE DkaP
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000001
000002
0000603
000004
000005
000006
000007
000008
000009
600010
000011
go00012
000013
000014
000015
000016
000017
000018
000019
000020
0pepz1
00ag022
000023
000024
000025
000026
000027
goo028
000029
060030
000031
000032
000033
000034
000035
000036
000037
000038
000039
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000041
000042
000043
000044
000045
000046
000047
000048
000049
000050
000051
goo0s52
600053
000054
00005s

® ELT SUB19,1,691029, 58311

SUBROUTINE INJDIS INJD

C INJD
G PHEBSSEIB BN ES DECK MODIFIED 20 AUG 67 R T R R INJD
C INJD
REAL TPP,IPR,IPT,INTEG,IPX INJD
INTEGER DSCRB, TIME INJD
LOGICAL LOGIK., SL1, SL2, EQRJ, IRUN INJD
COMMON  /PROLOG/ LOGIK(S50), SL1, SL2, EQRJ INJD
COMMON  /JECTOR/ DATA ( 9600) INJD
COMMON GAMMA, NW, WC, AVN, BVN, CVNR, CvxI, CE, CI INJD
DIMENSION INJD

1 U (1000), AVN ( 30), BVN ¢ 30)y CVNR {307, INJD

2 CVNI ( 30). RR (1000), THATA (1000)., FIRST C 30). INJD

3 SECONDC 30), Z { 2), WC ¢ 30, INJD

4 IPP(50), 0PP(50), IPR(50), GPR(50), IPT(50), OFT(50), INJD

5 X 10003, Y (10009 INJD
EQUIVALENCE ( TRUN, LOGIK(9) ) INJD

1 (E1 yDATACL) ), (XM yDATA(3))Y, INJD

2 (XN (DATAC4) Y, (V sDATA(E)), (SVN ,DATACB) ), INJD

3 (POC  ,DATA(13)), (Z1 ,DATA(15)), INJD

4 (RR, X, DATA(21921) ), (THATA, Y, DATA(2921)), INJD

5 (U >DATA(39213), INJD

<] (IPP . DATA(20)), INJD

7 (OPP  ,DATA(70)), (IPR ,DATA(120)), (OPR ,DATA(L70)), INJD

8 (IPT ,DATA(220)),(CPT ,DATA(270)),(TFLP,DATA(9596)), INJD

9 (TFLR/DATA(9597)), (TFLT,DATA(9598)) INJD

c INJD
10 FORMAT (//12X30HRESULTS OF DESCRIBING FUNCTION // 23X10HELEMENT INJD

1 6HRADIUS4XSHANGLE3IX10HFRACTIONAL /13X5HOMEGA7XSHNO .7 X3H 7X3HRADINJD

2 AXOHFLOW-RATELOXZHFPL2X2HFRI2X2HFT // ) INJD

20 FORMAT (19XF9.4,19,F11.3,F10.4,F11.5,2X3F14.6 ) INJD

30 FORMAT (// -12X41HRESULTS OF INJECTION DISTRIBUTION EFFECTS // INJD
143X5SHOMEGAAXIHAVNEXIHBYN7 XZHCUNT7X3HCVE 7/ 48X3I(6X4HREAL)Y, 6X4HIMAG/ TNJD

27 ) INJD

40 FORMAT (39X5F10.4 ) INJD

50 FORMAT ( 44X5HALL 4F10.4 ) INJD

60 FORMAT ( // SX3I9HINPUT TO INJECTION DISTRIBUTION PROGRAM//10XSHCONINJD

70
80
S0
100

110
120

1STANTS//14X18HNUMBER OF OMEGAS = [3//14X20HNUMBER OF ELEMENTS =15,INJD
1 13H FOR EACH OF 14, Z0H SYMMETRIC SECTIONS. INJD
2/7/14X22HRADIAL DIVISIONS(XM) = F5.0//14X24HANGULAR DIVISIONS (XN) INJD
3=F5.0//14X27HACOUSTIC MODE NUMBER(SVN) =F7.4//14X30HORDER OF BESSEINJD
4L FUNCTIONS(V) = F3.0//1L4AX17HINJECTOR RADIUS =F8.3,5d, IN.//14X3ZHINJD
SRATIO 0F SPECIFIC HEATS(GAMMA) =F7.4//14X39HMAX1MUM PRESSURE AMPLITNJD
6TUDE RATIO(PCO) =F7.3///14X39HTRANSFER FUNCTIONS FOR LINEAR OPERATINJD
710N//20X16HPRESSURE(TFLP) =F7,.3//20X23HRADIAL VELOCITY(TFLR)Y =F7.3INJD

B/ /20X27HTANGENTTIAL VELOCITY(TFLT) =F7.3 ) INJD
FORMAT (// 1CX17HINPUT FREQUENCIES ) INJD
FORMAT (/ 7X 5F20.4 ) INJD
FORMAT (///10X19HELEMENT INFORMATION INJD
FORMAT (//31X7HELEMENT14X6HRAD[USIS5X5HANGLELLIX1I2HDISTRIBUTION/9UX INJD

111HCOEFFICIENT /34X 3HND .1/ XSHIN.ASXTHRADTANSISX2 =/ / ) INJD
FORMAT (32X15,11xF10.3,10xF10.4,11xF10.4 ) {NJD

FORMAT (1H1//26H TABULAR NONLINEAR EFFECTS//11XBHPRESSURE11X10RLCOMINJD
IBUSTIONLZ2XOHRADTALLIZX10RCIMBUSTIONLIOXIOHTANGENT PALIUXLIOHCOMRUSTIONINUD
2/51XBHYELNCITY3Z2XEHVELQCITY/Z 9% J3CLUHPERTURSATI "13X4HGATNLZX) ) INJD

i
20
30
40
50
60

-
/

80

110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
391
400
410
429
430
440
450
460
4790
480
490
500
510
520
530
540
550

(2d-2190¢ woday




Report 20672-P2D

02TTArNI
0TTTArNI
0OTTACNI
0601ArNI
08CTArN]

00 = ¥WNS

00 = dWNS
(HOM#VWWYD)/00d = 007
(MI)3M = HDM

MN ‘T = ML 0/p OO

092

QLOTAPNIXXXXXXX XX XX XX XXXX XXX XXX XXXX XX KX XXX XXX XX XX KXXKXK XK KX XXX LXK XXX XX XX XXX XKD

090TArNI
0a0tTarnt

0£0TArNI

“IING ATING HSNOYHL INOD

NCISN¥dX3 IHL LVYHL S3ITdWI NOILONNZ 9NI8IYIS3T ONINNNY

S1

0

d007 SIHL ‘ZSIMEIHLC “Q3HSIEYLS3 38 ISNW d007 VOIW0 NV *3H043Y3HL 2

OFPOTArNT vO3W0“ADNINORY 4 IHL 40 SNOILONNA 3¥Y NAZ OGNV ‘NAg ‘NAV SIN2ID0144300 J
J

3

0Z0TArNIXXXXXXXXXXXXXXX XX XX XXX XXX XX XX XX XX XXX XX XX XX XX XXX XXXXXKXX XX XX XX XXXX XX KX KX

0T0TArNI
0007TArNI
066 UrnNl
086 ArNI
046 ArNI
096 ArnNli
056 ArNi
0vé6 ArnNi
0g6 ArNI
026 UCrNI
0té Arnt
006 ArNI
gog ArNI
08y QArNt
0i5 QNI
098 OrNI
068 ArNI
0y ArNl
0£s ArNI
0eg arnNt
078 ArNi

044 AFQNI
094 ArNI
06l ArNI
0yL QNI
Tee ArNi
0gL QNI
0c¢L ArnNid
0T UrNlI
00Z drNI
069 ArNI
089 Arni
049 QNI
099 ANt
089 ArNt
09 ArNI
0¢€S ArNI
029 QrnN!
019 arni
009 drnNi

(06 T=1°(1)4d0* (1) Lal C1)Yd0 (I)Hdl “(1)dd0“ (1)ddl) (021¢9) 3L[yM
(02T49) 3JLIYM

84080 ¢(0sz2‘0%z) 0L 09

JNNTLNOD

T - INMNIT = INMNIT

(FIN “CMIYLYHL “(r)dd ‘r (0FT49) 3IL1dM

06 = LNMNIT

(00T49) 3LIYUM

(0649) H11y4M

¢ 0z ) 3%vd VO

022 0L 0D (U "49° LINANIT) 41

AN‘T = ¢ Ov2 0d

0 = LNMNIT

(MNT = M1 “(MIIOM) (089) FL1dA

(0L°9) 3LTYM

q¥08Q ¢ (0T2“022) 01 09

L340874L¢dT4100d YWHYDINTYANASNX WX SN IN'MN (09¢9) 3ILIyM
¢ 0, )y 39vd 70

g9¢ 0L 09 ( 066 37" 303 ) 4l
0T = H8WON (0 "37" ¥8HNAN ) 41
T000°0 = T3 ¢ 0°0 47 T3 ) 41
*d3sn SI Lyvd Tv3aY 3HL ATING

¢+ =N

T+zu

%=1

T o+ % = M

To00 0+ A = M

(gyviva = LI1ZZ71

10000 + (66G6)IVLIVA = HEWNN
10000 + (&IyivQd = SN

T000° 0+ (TL466)VivVd = 3N
(Y2663 vay0 = MNIY

T = FWIL

0T = (T)0M

T = MN

00Z 0l 09

¢ = g¥0s8d

0°00T = 33

06T 9L 09 ¢ NPYE "LON® ) 4l
T = gd3sd

(b°0T4 = Z MOT ¥C HOIH 001 LN3WNDYY 135S38 40 JNTVAHGYXSZ) AVWHO 4
(Q3IMOTITy LON ONY O%dZ ST LIZZI 40 ANTIVA 3IHLIHSHPXEZ) LVYWIO4

( maaegapess 307

065 ONNIOA SNINNIAS v 0l 4ivi¥d3d S3NTvA 3SHHL  sasszssssssHGOXER//) LVAN0S

08s ArNI

( wxpzeasaers  J0T

046 QrNIOW ONIQNVLS ¥ UL MIyiH2d SINTIVA 3S3IHL  #upesssszazHGIXSS//) LVWHOS

09s UrNI

( {X2‘€°8T4)9 ) LVWHO4

6ge
0ve

0ge

0oa

06T

081

01T
097

o0&l

ovT
0g7T

rTT000
217000
¢T1000
117000
0T1000
607000
8071000
£07000
907000
607000
v0T000
£0T000
207000
T0T000
00TO0CO
660000
860000
£60000
960000
$60000
v60000
£60000
260000
T60000
060000
68000¢C
890000
£80000
980000
$800060
r80000
£80000
280000
1800600
086000
6.0000
8.0000
££0000
9.0000
66,0000
40000
££0000
240000
T/0000
0,0000
690000
890000
£90000
990000
590000
y90000
£90000
2900040
190000
090000
650000
850000
£50008
9450000

Page 197



Report 20672-P2D

2NNT

NOO

D
o

LMD

CZ.TdrNi (HGWNAN TS 8 vIguLINT Ty
0TLTarnd (Y14 Le0A%6GTpT v ) /0T = ¥3nvs 06¢
QUZTACNT 0600V 06¢ ¢ ¥7141 ) 31 08¢
069TArNT JFINI=#d3AVS = di

(WW T3 OIFINT“4T228YSOLNT 7790
0c9TArNI 1Sd0+Xd0 = 4
09vTaArnt (Xd0 “Xdl “A{i)dd0 “{T)dd I pINT TTVD
06CRArNI 18d3%0d = Xdl
0v9TArN| (ISd)SCI = 1Sd7

INNTLINOD tr¢

089TArNT (HBWNN“ [Sd8VIYULNT TTv3
029TarNI (d14L#0d#66T9T°2)/0°T = d3IAVS 0L%
0T9TArNI 02088 °0LS ¢ 4741 )y 41
0U9TArNI v- = &
06GTANNI 66THT €= =V
08GTArNI (471784 AeNATS=200A)SEBY = OM
0.STANNT CLAD=NATSO=00AYSEY = OA
09STArNI (LAD=NATIS=00d)S8Y = Od 09¢
0SGTArNI g4380 “(09¢“0ev) 0L 09
0ySTArNI 0"1 = 14
0ESTArNI 0°T = Y4
02STArNI 0°T = d4 0s¢
0TSTArNI 0T = LAS
0CSTArNI g% = 1AD ObE
NoevIArNI 0g¢ 0l 09
08vTArNT (LAINIS = LAS
0LpTACNI (LAYSO0D = LAD
09vTArnNI (F)ViIVHLI®A = LA 0€¢

0SPTANNT XXXXXXXXXXXX XX XX XX XX X XXX XX XXX XXX XK XXX XXX XX KK XK XXX KX XK XXX K RK XK XX XX XK XD
Oy vTArNI S300W ONINNILS ¥04 JATLISOL ANV S3A0OW ODNIGNYLS ¥04 IAILVOSIN ST L172Z1 2
0SB TANNIXXXXXXXXX XX XXX XXX XXX XXX XXX XXX XXX KX KKK KK XX XXX XXX XXX XK XXX XXX XXX XXX XX KX XX D

02vTArNI 0pg*09s‘02¢ ( 11zZ1 ) 41 02%
OTHTAPNIC(GIVLIVO=0"2)/6GTPT S ((N)LSEI 4 () LISHIS -~ (WILSHIJ=(W)LS¥I4 ) = 0 0T%
0NV TANNI 02g¢ 0L 09
062TArNI 0°2 7/ € () LISHI4=(T) L8814 + (WILSHIA=(W)LSH14 ) = 0 00¢
08E€TANNI 0T2‘n0c“00g C M) 41 062
0£€7ArNT AWT L (0Z2g“062) 0L 09 08¢
09¢€TArnNt 086082082 ¢ ¥E3y )y 4l
068 TArNI Cod¥IM (TYZ MM “(THANDD3S “(TYLSH14 ) n3ss3g IvD
0reTACNL 00 = (237
08eTArNI NAS = (132
028TArNI /70 (NYLSYI4=(T)Z - (W)ILSYI4=A ) = NAISO
QTETArNI (W)LS¥14 = NAIS 0/2
00£TArNI 066002042 C ¥y ) 41
C62TANNI Coddgy CTHYZ oy (THANDDIS “(T)LSul4d ) 138838 17vD
0B2TArNI 0'0 = ()12
0L2TANNTI d=NAS = (D) Z
092TArNI 0 = Yd3M
DGETONN s A s B R R T RS AR R S SR L N R R S N PO R R R R R R OB RS B e DR R R O R e R DR Ran))
0vZ2TArnNl CINYLSHI4 = (T+A)0 UNY ‘(W)LSYI4A D
022TANNI = (AT C{TYLSEI4 = (T-A)T ‘NOTHSY 4 ONIMOTTI04 IHL NI a3¥0i1s 2
38 17IM SYIMSNY IJHL o]
B3R 3 Sh St A 4t 2 36 40 Y 3L MR 3R 4R SE 4r 3E 2 30 AE 4R AR 2 4 2 2038 ST 25 20 38 26 4F 2540 21 4P 4E 4% 20 4% 38 3 3 3 .ﬁ#ﬂ«#tﬂ.#ﬁ*ﬂ***n‘t‘m‘ﬁ#**ﬁﬁu
0L ETALNT (NX=WX)/7(r)nN = V.13
09TTArNI CPNI¥/Z(r)YHY = ¥
051TACNT IV T = o0&k OU
0pTTArNI 0 = INXANIT
08TTArni 0*C = LWNS

241000
2/.1000
L£T000
3410600
691000
891000
£97000
991000
891000
v31000
291000
291000
197000
091000
641000
251000
£51000
967000
641000
yGT000
£61000
¢51000
161000
067000
61000
8y 1000
(PT000
9r 1000
SpT000
yr1000
erT000
2v1000
TyT000
0y T000
6£T000
9¢T000
LETO00
9£7000
S21000
r£T000
287000
2erooo
T¢1000
027000
621000
821000
L21000
927000
621000
21000
221000
2zta00
121000
027000
611000
8171000
LT1000
911000
417000

Page 198



Report 20672-P2D

00g2arNI
062cUrnNl
0822ArN1
0L220rNI
0922arnI
0s2earn!
gpeearml
082CarnNi
0222arnl
01¢edrnl
0022ArNT(C MN“T=]
06TCArNTI
08T2ANrNI
0/T2arnNl
6912arnt
0&8T2arni
0vT2ArNI
0E€T2arNI
02T2AarNI
0TTEdrNI
00T20rNI
0602ArNT
0802QrNI
04020rN1
090¢drnt
0602drN1
0pP02arNI
0C02ArNI
0S62arNt
0T0carnNt
000204rNT
066TANNI
086TArNI
0L6TACNI
096TArNI
0G6TANNI
0y6TArNI
0£6TArNI
026TArNI
0TeTdrni
006TArNI
065 TANNI
ee8TArNI
048TArNL

0S8TANNI
0p8TACNT
6S8TArNI
028 TArNI

T-«2018TArNI

MIN®E
06LTANNI
88LTANNI

09LTACNI
0SLTANNI
0vLTACNT
0SLTArNI

(991
(E)Z (04T
(6sT
(@134
026095018 (L
CCIYINAD fCIYHNAD “CIINAG “(IXMAY *(1)0M ) (0¥
C TYINAD “C TIYNAD “( TINAG “C TINAVY (0§
g8dst  “(06v ‘0
(0g
(a2 )y 3

086 0L 09 C 0°0T 1L
G/ LWANS =
0°0 =
0" =
QdrsiWns =

09 0L 09 (¢ "i5°

JA/7¥RANS

da/duns

gregsa = Q4 (o *19°
T - INMNIT
L1 ‘¥4 “dd ‘vi3a C(rIVYLYHL ‘Y ‘r “dIM (6e
0¢g
(07
(04 3
0vtr 0L 09 0 "19°" IN
843sd  “(0gre
LkY3L + LW
H/LAS#A® LAD#Z#aNATS® ] 42V L3
dWHE3L + HW

2ae [ADRNATSORNATS#Y 4o vi
dWdgl + dK
CaeiAdednuNAISaddeVl
93INI =1
(WWTI“OFINI“3¢TTHpE)IS
[Sd

(XdG Xdl (T1Ld0 “(TYidD)
15843
(I1S8d4)S
(HBWNAN*ISd gV YD
(LT4L%0OM®6GTPT S /0"
0ip02v oty (
JIINT =
(WW*TI*DIINT“3:T62%)S
1Sd

(Xd0 “Xdi “{T)Hd0 “(1)y¥ddl)
1Sd3
(ISd)S

ovs 0L 09
‘9) 3LIyM
0vs 0L 09
‘9) JLlIyM
NanL3y
INNTLINOD
“9) JLTUM
cys 0L 09
T‘9)3LIYM
1221 ) 41
‘9) 3LIYM
60s 0L 09
‘9) JL1dM
gt) 0L 09
“9) JLIyM
9yd  Iv3
It 30y 41
IONTLINGD
(MIYINAD
(MTYHENAD
t/y 0L 09
(MTYINAD
(MIJYHUNAD
L1zZZ1y 41
= (MI)INAS
= (MI)NAY
11221y 41
a = @a
INNTLINOD
= INMNIT
‘9) 3L1dM
= LNMNIT
9) JLIuM
o9vd  1v2
NI ) 4l
sv) 0L 09
2 = 3hIL
NS = LKWAS
- = 1Wy¥3i
NS = YKWAS
3 = Y¥Wydl
Ns = dWNS
3 = dWy3dlL
JAVS = L4
9LNT T7vD
Ja#Xd0 = 4
vINI 7v0
#0M = Xdl
0D = [SdD
INNTLNOD
INT T7vD
T = L3AVS
L1340 > 41
JAVS = M4
DINI V3D
JaXd0 = 4
pINT V3
#0A = XdlI
¢ = 184D

096
0ss
ovs
0¢g
02g
0T

00¢%
06%

oGy

0vv

1§54

ger

0tvy
00¥

222000
122000
ggeooo
622000
822000
£22000
922000
@ae000
yez000
£220400
222000
122000
0c2000
612000
812000
£12000
912000
612000
r12000
£12000
gtzaoo
112000
012000
632000
802000
£02000
902000
§02000
¥02000
£02030
202000
T02000
002600
667000
861000
L6TD0O
961000
561000
r61000
£67T000
267000
161000
061000
687000
8871000
£8T000
981000
681000
r8T000
¢81000
2871000
Tgto0g0
081000
6LT000
8/.T1000
£L7000
9L7000
6L7000
$£1000

Page 199



INJD2310

END

000233

Report 20672-P2D

Page 200




102 abed

000001
00002
000003
000004
000005
000006
goo007
6o0o008
000009
000010
000011
000012
000013
0co0014
000015
0o00le
000017
000018
000019
000020
000021
000022
000023
000024
000025
000026
000027
gogo28
000029
000030
000031
000032
000033
600034
000035
000036
000037
000038
000039
000040
0060041
cooo42
000043
000044
000045
cooo4e
000047
060048
000049
C0o050
000051
000052
000053
600054
000055

® ELT SUB20,1,691029,

QT Oy

(]

SUBROUTINE TBLCAL

50052

TBLCAL SUBROUTINE CALCULATES XX VS U2TBL FROM NODZZLE GEOMETRY
INPUT ODD AND CHANGED TO Ki/2+1

SIMPSONS RULE IS USED WITH KN

#NEW
#ANNUOOZO#%-1
IN MAIN®#ANNUOG40

DECK ANNULR DERIVED FROM DECK VELPOT... TREATS ANNULAR NOZZLES ANNUOOS0
ANNUOO6Y

LOGICAL LCGIK, SL1i, SL2, EOQORy ANNUDOQT70
COMMON /PROLOG/ LOGIK(50), SL1, SL2, EORJ ANNUDOBO
ANNUCO S0

COMMON /ABCDF/ EXTRA(L100), ABLOK(600) ANNUOLOU
1 o XX » U2TBL » DESIRE ., RAT » RAC » RCC ANNUO110
pd »  RCT » HANG v G r KN Y , YP ANNUD120
3 » YOUT » TEMP , E » XTABLE , YTABLE ,» A ANNUO130
4 » R » AM » AP » AMP s 2IZ ; AMM ANNUO 140
5 r AMP2 » CALFA , CTALFA , DELAM , DELTZ ., FKN ANNUD150
6 . G » G2 ,» G3 , G4 » JFLAGL , KNM1L ANNUO160
7 K » NN » PI » PRCD , RSTA1 , RSTA2 ANNUO170
8 »  SALFA , T1 » T2 » T3 » YINT » XK ANNUQ18O
9 > 271 s 2722 » 713 Al » ABC , ABD ANNUD 190
COMMON  /ARCDF/ ANNUOD200
1 ATl » ALPHAL , ALPHAR , AR1 » B101 » B102 ANNUD210
2 ,  B1o » Bl » B2 » B3 » B4 » BS ANNUDZ220
3 ,» Bé6 » B7 , B8 » B91 » B92 + B9 ANNUD230
4 »  BIt » BR1 » C2 » C3 » CHIT ™, CHIR ANNU0O240
5 » LIl » CR1 » C ,» D10 » D11 » D1 ANNUO250
6 » D2 » D3 » D4 » D5 » D6 » D7 ANNUQ260
7 » D8 » D9 ,» DC2 » D » DUZ » EIT ANNUD270
8 » ER » F31 ., F3R » FI » FR » H1 ANNUD280
9 s H ! » IWO » IW »y TWW y J ANNUDO290
COMMON  /ABCDF/ ANNUO300
1 MDESIR ,» NK » NP » S2 s S » TT ANNU0310
2 » Uz » U y W2 v W » XIOI + XIOR ANNU0320
3 » X121 s X12R > X1 » XJI s %JR » XMNEW ANNU0330
4 » XMOLD  , XNEW » XOLD » XPT y X » 21 ANNUD 340
5 » IR ANNUD3ZS50
ANNUD 3690

DIMENSION XX(200),U2TBL(200),XTABLE(200),YTABLE(200),2Z(200) ANNUG370
DIMENSION Y(8).YP(B),YOUT(8),TEMP(72),E(8) ANNUD380
DIMENSION A(200),R(200),AM(200),AP(200),AMP(200) ANNUD 390
ANNUG400

EQUIVALENCE (XK.GRAD),» (EXTRA(91),RATI), ANNUQ410
1 ( EXTRA(93)/RACI),(EXTRA(94),RCCI),» (EXTRA(95),HANGI) ANNUD420
ANNUD430

FKN = KN ANNU0 440
KNM1 = KN - 1 ANNUD 450
DELAM = 1,0/(FKN+1.0) ANNU0460
PI = 3.1415927 ANNU0A470
ANNU0480

DO 10 J = 1,200 ANNUO4S0
22¢J) = 0.0 ANNUOS00
ACJY = 0.0 ANNUOS10
RtJyY = 0.0 ANNU0520
AMP(J) = 0.0 ANNUD530
AM(J) = 0.0 ANNUO540
XX(Jy = 0.0 ANNUOS50
U2TBL(J)Y = 0.0 ANNUOS560
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000056
000057
000058
000059
000060
000061
000062
000063
000064
000065
0ooo66
000067
000068
000069
000070
000071
000072
000073
000074
000075
000076
000077
000078
000079
0oooso
000081
000082
000083
0ogos4
000085
000086
000087
goooss
000089
000090
000091
000092
000093
000094
000095
000096
000097
000098
000099
000100
000101
coo102
000103
000104
000105
000106
000107
000108
0060109
000110
00011z
000112
000113
coo1l4

10

20

30

40
50
62
65

70
72

73
74

76

APCJY = 0.

R(1)= RAT

RI = RATI

RCTI = EXT
AC1l) = Pl=
U2TRL(1)=1
R{(KN) = RA
ALFA = HAN
CALFA=COS ¢
SALFA=SINC
CTALFA=CAL

0

RA(Y2)
(RC1)*R(1)~R1&RI)
.0

[o4

G#.01745329

ALF &)

ALFA)

FA/SALFA

RSTA1=RAT+RCT*(1.0-CALFA)

RSTA2=RAC~RCC#(1.0-CALFA)

Z71=RCT=SALFA

772=771+CTALFA%(RSTA2-RSTAL)

273=772+RCC#SALFA

JFLAGL=1

JFLAG2 = 1

1F (¢ RACI .EQ. 0.0 .AND. RATI .EQ. 0.0 ) JFLAG?

ALF1 = HAN
CALFI = CO
SALFI = S]
CTALFI = C
RI1 RATI
RI2 RACI
Z11 RCTI
712 Z11

Z13 z12

74 = 773

IF ¢ 213 .
DELTZ = Z4

o nouu

DO 80 I
ZZ(1y =
Z = ZZ(1
GO TO (2
R(I)=RAT+R
[F(RCI)=RS
JFLAGL=2

R(I)=RSTA1
IF  2-122
JFLAGL = 3
1F ¢ Z2-273
R(I) = RAC
GO TO 70

R(IY = RAC
JFLAGT = 4

7
)

GO 70O ( 72

TX SQRT
IF
R
IF

JEL
X

[
m
-
o o~ >~ 0o~
[
n
1

GI#.01745329
SCALF D)
NCALF 1)
ALFI1/SALFI
+ RCTI=(1.0-CALFI)
= RCCI=#(1.0-CALFI)
#SALF1
+ CTALFI=#(RIZ2=-RI1)
+ RCCI=SALFI

GT. 223 ) Z4 = 713
/ (FKN-1.0)

2, KNM1
(I-1) + DELTZ

0. 406, 60, 65 Y, JFLAG1
CT-SART(RCT#u2-ZZ(1)%%2)
TA1)70,70,30

+(RSTAZ=RSTAL)®(ZZ(1Y-2Z21)/(222-271)
) 70, 70, 50
) 62, 65, 65
- RCC + SQRT ( RCC#RCC - (ZZ3-Z)=%2
2. 74, 76, 77 ), JFLAG?2
( RCTI®RCTT - Z%Z )
LT. 0.0 ) TX = =TX
+ RCTI - TX
) 78, 78, 73
(RIZ2-RIL)%{/Z(1Y-211)/7(Z212-211)
) 78, 78, 7’5
{ RCCI®RCCI = ( Z213=~Z )=w2 )

)

ANNUOB70
ANNUDS580
ANNUOS590
ANNUD600
ANNUU610
ANNUD620
ANNUDG3O
ANNUOSG40
ANNUG650
ANNUO660
ANNUO670
ANNUD68O
ANNUO690
ANNUQ700
ANNUO710
ANNUD720
ANNUO730
ANNUG74Y
ANNUO750
ANNUO760
ANNUOT770
ANNUO780
ANNUQO790
ANNUOBOO
ANNUGB10
ANNUDS820
ANNU0B30
ANNUOB40
ANNUOBS0
ANNUOBSO
ANNUOB70
ANNUOBSBO
ANNUO0B90
ANNUC900
ANNU0910
ANNU0920
ANNUD930
ANNUD940
ANNUD9S(
ANNUD960
ANNUG970
ANNUO98BO
ANNU09S0
ANNU10Q0D
ANNU1010
ANNU1020
sNEW
ANNUL1030
ANNU1040
ANNU1 OS50
ANNUL06D
ANNU1070
SNNUL LAY
ANNUL1090
ANNU1100
ANNUT 110
ANNU1120
ANNUL13U
ANNULLA4C
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000115
000116
000117
060118
000119
000120
000121
000122
000123
000124
000125
000126
000127
000128
000129
000130
000131
000132
000133
000134
000135
000136
000137
000138
000139
000140
000141
000142
000143
000144
000145
000146
000147
000148
000149
600150
000151
000152
000153
000154
000155
000156
000157
000158
000159
000160
000161
000162
000163

77

78
80

90

100

110

IF ¢ RCCI .LT, 0.0 X = -TX

R1 = RACI - RCCI + TX

IF ¢ Z=213 ) 78, 77, 77
RI = RACI

JFLAG2 = 4

ACD) = Pls( R(ID#R(I) - RI=RI )
CONTINUE

ZZ(KN)Y = ZZ(KNM1) + DELTZ

A(KN) = PI={ RAC#RAC - RACI®RACI )
AMM = 1.0+ DELAM

G1=2.0/(G +1.0)

G2 =(G - 1.0)/2.0

G3 = (G + 1.0)/(2.0%G ~ 2.0)
G4=1.0/G1

D0 90 J = 1,KN
AMM = AMM - DELAM
AM{JY = AMM

APCI= (ALY /AMM) 2 (Gl (1. 0+G2#AMM#22) ) #2553

CONTINUE

DO 100 K = 2,KN

CALL INT4(APCL),AM(1),A(K), AMP(K))
AMP2=AMP(K) ##2
U2TBL(K)=(G4#AMP2)/(1.0+G2%AMP2)
CONTINUE

DESIRE =
XINT = 0.
NN = KN = 2

K = 1

IF ¢ RCTI .EQ. 0.0 ) RCTI = 1.0

AMP (KN)
0

GRAD = SQRT ( G1#(RAT/RCT - RATI/RCTI

1#RAT

PROD = 2.0=XK#DELTZ/3.0
DO 110 J = 1,NN»2

T1 SGRT(UZ2TBL (J))

T2 SQART(U2TBL(J+1))
T3 SERT(YU2TBL(J+2))

= XINT + PROD#(T1+4.0#72+73)
K=z K+ 1

XX(K) = =XINT/RAT
U2TBL(K=1) = U2TBL(J)
CONTINUE

U2TBL(K) = U2TBL(KN)

>
s
Z
-

Counsnaispts

RETURN
END

)/ (¢ RAT#RAT

ANNU1150
ANNU1160
ANNU1170
ANNU1180
ANNU1190
ANNU1200
ANNU1210
ANNU1220
ANNU1230
ANNU1240
ANNU1250
ANNU1260
ANNU1270
ANNU1280
ANNU129U
ANNU1300
ANNU1310
ANNU1320
ANNU1330
ANNU1340
ANNU1350
ANNUL360
ANNU1370
ANNU1380
ANNU1390
ANNU1400
ANNU1410
ANNU1420
ANNU1430
ANNU1440
ANNU1450
ANNU1460
ANNU1470
ANNU1480

ANNU1490
ANNU1500
ANNUL510
ANNU1520
ANNU1530
ANNU1540
ANNU1550
ANNU1560
ANNU1570
ANNU1580U
ANNU1590
ANNU1600
ANNU1610
ANNU1620

(124-21902 1ioday



0z 8bed

000001
000002
000003
000004
000005
000006
000007
gogoos
000009
000010
000011
0ooot2
000013
000014
000015
000016
000017
000018
600019
000020
000021
000022
000023
000024
000025
000026
0goo027
000028
000029
000030
000031
000032
000033
000034
000035
000036
000037
000038
000039
000040
000041
000042
000043
000044
000045
000046
000047
000048
000049
000050
600051
600052
000053
000054
000055

@ ELT

SuB21.1.

o

C#=n
Cus
Cusn
Cux
Caan
Can
Cue
Cas
Cawen

690714, 35957

SUBROUTINE ADSET(N,F,D,FP,T X ,HA,E)

DIMENSION F(31),D(1),FPIL),T(B,8) - HA(L),E(L),AC(6,3),AD(10), AH(10)
1.ACC(6)

EQUIVALENCE (ACC(1),AC(13))

DATA AC /0.,1.,.5,.416666,.375,.348611,.348611,.651389,.151389,

1 .068055,.026389,0.,0.,0.,0.,0.,0.,0.7/

DATA AD /2.,-1.,0.,0.,,4.,-4.,1.,8.,-12.,16./

DATA AH /.5,.125,.0625,.,0390625,.25,.125,.078125,.12%,.09375,

1 .0625/

#=% THIS SUBROUTINE WILL INTEGRATE N DIFFERINTIAL EQUATIONS.

w# THE CALLING SEQUENCE 1S AS FOLLOWS.

*4 N IS THE NUMEBER OF EQUATIONS

L F IS THE ARRAY OF FUNCTIONS

a D 1S THE ARRAY OF DERIVATIVES OF [HE FUNCIIONS F

L FP IS THE ARRAY OF THE PARTIAL STEP VALUES OF F AT X = TP
i T 1S AN ARRAY OF 8#N WQORDS

* HA IS EITHER AN ARRAY OR A SINGLE WORD

u IN EITHER CASE HA(1) IS THE INITIAL STEP SIZE GUESS

Cusesr s IF THE ARRAY FEATURE IS USED THE FOLLOWING CONDITIONS HOLD.

Cuxn
Caxn
Caw
Cux
Caex

" IF HA(2) IS EQUAL TO 1111 THEN STEP SIZE 1S LIMITED

it HA(3) [S THE LOWEST VALE OF THE STEP SIZE ALLOWED

(2 HA(4) IS THE LARGEST VALUE OF THE STEP SIZ: ALLOWED

L IF HA(2) 1S EQUAL TO 2222 BOTH THE LIMIT aMND THE CORRECTED
i DERIVATIVES ARE USED

Cownn IF HA(2) IS EQUAL TO 3333 ONLY THE CORRECTED DERIVATIVES ARE USED

Con

Cuw

Can

403
400

[w K}

" IF HA(2) IS NOT DEFINED THEN NEITHER ARE USED
KKF =0

## SET FOR NO RECAL OF DERIVATIVES
HMIN=0.
IF(HACL)Y.LT.0.) HMIN==-HMAX
IF(HA(1),LT.0.) HMAX=0.
HMAX=1.E30

#% SET MAX-MIN STEP SIZE
[F(HA(2).EQ.1111.) GO TO 400
[F(HA(2).EQ.2222.) GO TO 401
IF(HA(2).EQ.3333.) KKF=1
GO TO 4
HMIN=HA(3)
HMAX=HA (4)
GO TO 403
KKF=1
GO TO 400

ENTRY ADINT

LENT=1

IDF=0

IFCINT.EQ.D) GO TO 20

21 KF=1

20
500

X=X+H

GO TO 100

RzHA(D

P53 504 I=1,N
IFCECT) LT, 1. E-9) EC(i)=1.E-9

(12d-21902 1ioday



0z abed

000056
000057
000058
000059
000060
000061
000062
000063
000064
000065
000066
000067
000068
000069
000070
000071
000072
000073
000074
000075
000076
000077
000078
000079
000080
000081
600082
000083
000084
000085
000086
000087
gooo8s
gop089
000090
000091
000092
000093
000094
000095
gooo09%e
600097
000098
000099
000100
000101
600102
000103
000104
000105
000106
000107
000108
600109
000110
000111
gooiiz
000113
000114

504
520

(o]

22

41

23

40

O

42

19
18

33
16

34
12

15
17

501

404
700

500
502

24

CONTINUE
IF(IENT.NE. D)
RETURN1

RETURN

ENTRY ADCOR(#)

IENT=0
IFCINT.EQ.O)
IF(KKF.EQ.2)
DO 41 1=1.N
T(8,Iy= F(I)
T(1,1)=DC(D
KF=2

GO 70 100

INT=1

DO 40 I=1,N
T(7,1) =F (1)
T(2,1) =D(D)
GO0 TO 21

GG 7O 23
30 TO 34

TEST ERROR TERM HERE.

CONTINUE
1DF=2

0o 16 I=1,N
BOT=F(I)

[F(ABS(BOT).LT.1.E-6) BOT=1.E~6

ERR=ABS ((F (D)
IF(ERR.LT.E(I
IpF =1

GO TO 500

~T(8,1))/B0OT)
)) GO TO 18

IF(64.#ERR.LT.E(1)) GO TG 16

IDF=0
CONTINUE
IF(KKF.NE.O)

GO TO 404

NEW DIFFERENCES
IF(NS.GT.5) NS=5

U0 17 I=1,N
T(7,1) = F(D)
TE = D(D)
DO 15 K=2.,NS
TF = TE =-T(K:
T(K, 1D =TE
TE =TF
TI(NS+1,11)=TE
IF(KKF.NE.O)
NS=NS+1
IF(IDF,EQ.2)
RETURN

KKF =2
RETURNI

HALF

1F (H.LE.HMIN)
INT =INT +1
IFCINT.GE.1D)
X=X ~H

H=H/2.

GO TO 28

D

KKF=1
GO TO 25
GO TO 34

G0 TO 34

azd-21902 1ioday
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000115
000116
000117
000118
000119
000120
000121
000122
000123
000124
000125
000126
000127
000128
000129
000130
000131
000132
000133
000134
000135
000136
000137
000138
000139
000140
000141
000142
000143
000144
000145
000146
000147
600148
000149
000150
080151
000152
000153
000154
000155
000156
000157
000158
000159
000160
000161
000162
opoL63
000164
0p01LesS
100166
000167
000168

44

45
29

27

Z6

o Ne]

100

102
101

Y

DOUBLE

INT =1
IF(2.#H.GE.HMAX) RETURN
HzH+H

NN=NS-2

DO 26 I=1,N

KKK=1

DO 26 L=1,NN

TE=0.

DO 27 K=L,NN

GO TO (44.45),1IDF
TF=AH(KKK)

GO T0 29

TF =AD(KKK)

TE = TE +TF=T(K+2, 1)
KKK=KKK+1

T(L+2,1) =TE
IF(IDF-2)21,501,21

ENTRY ADPAR(TP)

KF = 3

Pz (TP~-X) / H
p2 =p=p

P3 =P#P2

P4 = PwP3

P5 = P=P4
ACC(2)=P

ACC(3)=P2/2.
ACC(4) =(2.#P3+3.8P2)/12,
ACC(5) =(P4+4.%(P3+P2))/24.

ACC(6) =(6.#P5 +45,+p4+110.%P3 +90.%P2)/720.

KF =3
GO 7O 100

DO 46 I1=1,N
FP(IY = F(D)
INT=1
RETURN

ENTRY ADRES
INT=0

NS=2
RETURN

DG 101 I=1,N

YT7=0.

D0 102 K=1,NS

YT = YT + AC(K,KF)Y® T(K:1)
FoeDy = YT #sH + T(7,1)
GO TO (520,42,43),KF

END

#NEW
#p-]
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0npgoo1
000002
300002
000004
000005
000006
000007
000008
£o0009
000010
000011
gooo12
000013
000014
000015
n00016
600017
fooo1s
tcoo19
goooz2c
gogoz1
000022
000023
000024
000025
000026
000027
000028
000029
000030
000031
000032
000033
000034
000035
000036
000037
000038
000039
000040
000041
000042
000043
000044
000045
000046
000047
000048
000049
g00050
000051
000052
000053
000054
000055

@ ELT

SUBZ2,1,690715, 33520

GO oo OOoaOOOOaOouoa oo aaOaaaan

SUBROUTINE AS138 (C,ITITLE.IERR)

THIS ROUTINE PROVIDES A HIGHLY SIMPLIFIED INPUT “ROCEDURE WHICH ISCTP 20
MON-CARD-COLUMN-ORIENTED, DEVELOPED AT THE AIR FORCE ROCKET cTP 30
PROPULSION LABORATORY BY RPMMD/CAPT V.L.OLIVIER/553-2819 CTP 47
LAST REVISED APRIL 1988 cTP 50
THE CONTROL CHARACTERS ARE DEFINED AS FOLLOWS#=# CTP 69
L ....SPECIFIES A LOCATION NUMBER WILL FOLLOW CTP 70
+ 0OR - AND/OR , ARE USED T0O SEPARATE DATA ENTRIES cTP 80
E ....SPeCIFIES A POWER OF TcN WILL FOLLOW CTP 90
T ....TERMINATES THE DATA READ IN AND IS FOLLOWED BY BCD CtP 100
INFORMATION THAT CAN BE PRINTED CTP 110
ELLANKS AND ZERQOES PRECEDING A NUMBER ARE IGWORED. CTP 120
CTp 130
EXAMPLES#s 1 2 3 4 CTP 140
COLUMN 1234567890123456789012345678901234567890123456789..... CTP 150
L 0002300,24+-1,++E£12,E-2 ,10.001 L2 + ++-1CTP 160
LO+ 1 r 1, 100.,1820+L50 vy , CTP 170
T (7 Is THE ONLY CONTROL THAT MUST BE IN COLUMN 1) CTP 180
CTP 1910
THE RESULTS ARE STORED IN THE C-ARRAY AND ITITLE AS FOLLOWS=# CTP 200
C(2301)=24. CTP 210
C(2302)=0. CTP 220
C(2303)=-1. cTP 230
£(2304)=0. CTP 240
C(2305)=1.E+12 CTP 250
C(2306)=1.E~02 CTP 260
C(2307)=10.001 CTP 270
C(13)=0. CTP 280
C(14)=0. CTP 290
C(15)=0. cTP 300
C(l6)=-1. cTP 310
ci1Lr=1. CTP 320
ce2r=1. CTP 330
C{3)=100.1E+20 CTP 340
C(51)=0. cTp 350
C(52)=0. CTP 360
C(53)=0. CTP 370
ITITLE=T (T 1S TrE ONLY CONTROL THAT MUST ZE IN COLUMN 1) CTP 380
CTP 390
CIMENSION C(2),DCARD(72),SYMB(17),XNUM(16)

UIMENSION TDCARD(72), ITITLE(12), MULT1(6), MASKL1(6) CTP1420
EQUIVALENCE (IDCARD(1).DCARD(1)Y) CTP1410
ATA MULT1/01,0100,010000,01000000,C200000000.0100000000C0/ CTP1420
ATA MASK1/0,04000000000,040000000,0400000,04000.040/ CTP1430
NATA MASK/0770000000000/,BLNK/6H 00000/ CTP1440
LOGICAL NUMBER,DECMAL,EXPON,LOCATE CTP 410
GATA BLANK, TCARD.SYMB/1H »1HT,1H1,1H2,1H3,1H4,145,1H6,1H7,1HE,119,CTP 420

L11HO,»1H+»1H~,1H,,1H. , 1HE, 1HL , 1H&/
IERR=1 CTP 440
NUMBER=.TRUE. CTP 450
DECMAL=.FALSE. CTP 464
EXPON=,FALSE. CTP 470
LOCATE=.FALSE. CTP 48D
XSIGN=0.0 CTP 490
LOCN=0 CTP Sud

#NEW
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000056
000057
000058
000059
000060
000061
600062
000063
000064
000065
000066
0gco67
000068
000069
000070
000071
000072
000073
000074
000075
000076
000077
000078
000079
000080
000081
000082
000083
000084
000085
000086
000087
000088
000089
000090
000091
000092
000093
000094
600095
000096
000097
000098
000099
000100
000101
600102
000103
000104
000105
000106
000107
000108
go0109
goo1ic
000111
geoit1e
0060113
000114

10 READ (5,240) DCARD
IF (DCARD(1).EQ.TCARD) G0 T0 200
no 190 1=1,73
IF (I.EQ3.,73) GO TO 80
IF (DCARD(IY.EQ.BLANK) GO 70 190
Do 20 J=1.,17
IF (DCARD(I).EQ.SYMB(J)) GO TO (40,40,40,40,40,40,40,40,40,30,100,
160,80,50,70,90,100),J
20 CONTINUE
GO TO 230

30 J=0
IF (IDIG.EQ.0) GO TO 1990

40 IDIG=IDIG+1
if (.NOT.DECMAL) NDEC=IDIG-1
XNUMCIDIG)Y=J
GO 7O 199

50 IF (DECMAL) GO TO 230
DECMAL=.TRUE.
IF (IDIG.GT.0) GO TO 190
IDIG=1
XNUM(1)=0.0
GO TO 190

60 KSIGN=~-1
GO TO 100

70 IF (EXPON) GO TO 230
EXPON=, TRUE.,
NUMBER=.FALSE.

80 KSIGN=0
GO TO 110

90 IF (LOCATE) GO TO 230
LOCATE=.TRUE.
KSIGN=1
IF (XSIGN.EQ.G.0.AND.IDIG.EQ.0) GO TO 1890
NUMBER=,FALSE.
GO TO 110

100 IF (XSIGN.EQ.D.0.AND.IDIG.EQ.D) GO TO0 180

110 X=0.0
JF (IDIG.EQ.0) GO TO 130
DO 120 K=1,IDIG
X=X+10,2aNDECHXNIM(K)
120 NDEC=NDEC-1

IDIG=0
NDEC=0
DECMAL=,FALSE.

TP (XSIGN.LT.0.0Y X==X
130 1F (.NOT.NUMBER) GO TOU 140
IF (LOCATE) GU TO 160

CTpP
CTP
cTp
cTP
cTp
CTpP

cre

CTP
cTe
cTe
cTp
cTe
cTp
cTP
CTP
cTp
cTP
cTP
crp
CTP
cTep
cTp
cTP

CTP 7

cTp
cTp
cTpP
cTpP
CTP
CTpP
cip
CTP
ciep
cTP
CTP
crte
cTp
crTe
crTe
cTpP
cre
cTep
cTP
cTp
cTep
cTpP
crTe

780
790
800
810
820
830
840
850
860
870
880
820
9092
910
920
939
940
950
960
970
980
930

CTP100C0
CTP1010
CTP1020
CTP1630
CTP1L40
CTP1u50
CTRP1Q5Y
CTP107Y
CTP10890
CTP1099

L]
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000115
000116
geo117
000118
600119
000120
000121
000122
000123
000124
poo12s
000126
600127
000128
000129
000130
000131
000132
000133
000134
000135
000136
000137
000138
000139
000140
000141
000142
000143
000144
000145
000146
000147
000148
000149
000150
000151

000152
000153
000154
000155
000156
000157
000158
0060159
000160
000161
0600162
000163
000164
000165
000166
000167
000168

«

o

e NoNeNe]

o

IF (EXPONY GO TO 170 CTP1100

GO0 TO 150 CTP111n

140 NUMBER=.TRUE. CTP:1270
ESIGN=XSIGN CTP1130

IF (ESIGN.EQ.0.N) ESIGN=1.0 CTP1140
CTP1150

CTP1164

150 LOCN=LOCN+1 CTP1171d
C(LOCN)=X CTP1180

G0 TO 180 CTP1190
CTP1200C

160 LOCN=ABS(X) CTP12160
LOCATE=.FALSE. CTpP1220

GO TO 180 CTP1230
crP1240

170 EXPON=.FA|SE. CTP1250
[F (C(LOCN)Y.EQ.D.0) C(LOCN)=ESIGN CTP126Y
C(LOCN)=C(LOCN)#10.=%]FIX(X> CTP1270
CTP1280

180 XSIGN=KSIGN cTe1290
KSIGN=1 CTP1300
CTP131¢C

190 CONTINUE CTP132¢0
€TP1330

GO To 10 CTP1340
CTP135u

CTPL360

THE FOLLOWING LOGIC IS TO PACK THE 'DCARD' DATA INTOQ *ITITLE' CTP1370

FOR A 'FORMAT(1X,1246)' PRINTOUT, CTP1380
CTP1390

200 DTCARD(1)=BLNXK CTP1451)
L=0 CTP1460

No 220 1=1,72,0 CTP147n
L=L+1 CTP1480
KK=1-1 CTP1490

bo 210 J=1.6 CTP1500
K=KK+J cTP151Q
DCARD(K)=ANDCIDCARD (K ), MASK) CTP1520

IF (J,EQ.1) GO TO 210 CTP1530
IDCARD(K) =TDCARD(K) /ZMULT1 (D) CTP1540

IF (ISIGN(1,IDCARD(K)).LT.0) IDCARD(X)={ABS(IDCARD(K))I+MASK1(J) CTP1550

210 CONTINUE CTP1560
220 ITITLE(L)=IDCARD(ID+ISIGN((IDCARD(I+1)+IDCARD(I+2)+IDCARD([+3)+1DCCTPL570
1ARD(I+4)+IDCARD(1+5)),1DCARD(I)) CTP1580
RETURN CTP1590
CTP1600

230 I1ERR=2 CTP1610
WRITE (6:250) UCARD CTP1620

GG Ta 10 CTP1630
CTP1640

CTP1651

240 FORMAT (72A1) CTP1660
250 FORMAT (1X,72A1) CTP1670

END ) CTPle8L-

aed-zi90z 1oday



Report 20672-P2D

‘posTAdX sed weaBoad ayj} USUA PIYSTLP SBA {2 BUT4NOIqNY

Page 210



Report 20672-P2D

N3

Ndil3y

N=W

43 + THNS=A

g2 ol 09

N#d=N

G1 0L 09 (TIN"L9°NYJI

6T 0L 09 (3 1T (TWNS/83)88Y ) 41
‘GT/ (ZWRNS~TWNS) =43
(24# " p+pde’2 +UNFH) =" g/X0e2 = ZWAS
((S4+T4)2'b + (p3+23)%°2 +ONIH="/XT = TWNS
TNYALIFY  N"3N" M) AT

T+Xd=H

Xd+X=X

4+ b4=v 3

T 0L 09

4+ £4=¢4

T 0L 09

3+ ¢4=¢4

¥T 0L 09

d+ T4=14

A1 2TetT401) GL 0B

T+(pT - ¥)QOW = 4M

TNENLEY
XG0 +vV=X
£=1

14

x

[

oo
[
o~

L

) PR VR S

2
G=T4
N/ (y-8) = XU
Fa(P/(S+N))

04+ = (ONZ

[P o

TNYN LIS

Wil 1SYI4

I«{g“2“t) 0L CY

(W3 A 4°%) SUINT AYLINT
NEAL3Y

M#ET =TIN

T=1

V=X

(NEXR4Y) ¥IINT  ANTLNOYENS

66vLE ‘800691 “p28NnS L3

st

(&)

8r0000
L0000
970060
4v 0000
vt 0000
£v 0000
2v0000
Iy0000
0r 0000
680000
8e0000
£20000
9¢0000
G2 0000
70000
£20000
2£0000
1¢£0000
020000
620000
820000
£20000
920000
620000
y20000
220000
220000
120000
020000
610000
870000
£LT0000
910000
610000
¥10000
¢T0000
210000
T10000
0T00Q0
600000
g00000
£00800
9000090
600000
p00000
€00000
200000
100000
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000001
000002
000003
000004
000005
000006
000007
000008
000009
N00010
000011
000012
000013
000014
000015
000016
000017
000018
000019
000020
000021
000022
000023
000024
000025
000026
000027
000028
000029
000030
000031
000032
000033
000034
000035
000036
600037
000038
000039
000040
000041
000042
000043
000044
000045
0nNpQg46
000047
000048
(00049
000050
000051
060052
N00053
000054
600055

@ ELT BESJ,1,690714, 35959

10

20
30

31
32

34
36
38

40

50
60
70
80

90
100

110

120
130

1490
150

170
180

SUBROUTINE BESJ(X,N,BJ,D,IER)
8J=.0
IF{(N)10,20,20
JER=1
RETURN
IF(X)30,30,31
1ER=2
RETURN
IF(X~-15.132,32, 34
NTEST=20.+10, aX=Xu 2/3
GO TO 36
NTEST=90.+X%x/2.
IF(N-NTEST)40,38, 38
IER=4
RETURN
TER=D
N1=N+1
BPREV=.0
COMPUTE STARTING VALUE OF M
IF(X~5.)50,60,560
MA=X+6.
GO 10 79
MA=1.,4#X+60./X%
MB=N+IFIX(X)/4+2
MZERQO=MA
IF(MA~-MB)80,90,90
M7ERO=MB
SET UPPER LIMIT OF M
MMAX=NTEST
DO 190 M=MZERO,MMAX,3
SET FI(M)»F(M=-1)
FM1=1.0E-2R
FM=.0
ALPHA=.0
1F(M=-(M/2)82)120,110,120
JT=-1
GO 70 130
JT=1
M2=M~-2
DO 160 K=1,M2
MK=M-K
BMK=z2 ,#FLOAT(MK)#FM1/X~FM
FM=FM1
FM1=BMK
IF(MK~N-1)150,140,150
BJu=BMK
JT==uT
S=1+JT
ALPHA=ALPHA+BMK =S
BMK=2.3FM1/X-FM
IF(N)180,170,18¢0
B J=BMK
ALPHA=ALPHA+BMK
BJ=BJ/ALPHA
IF(ABS(BJ~-BPREV)-ABS(L+BJY)200,200,190

RESJ
BESJ
BESJ
BESJ
BESJ
BESJ
BESU
BESJ
BESJ
BESJ
BESJ
BESJ
BESJ
BESJ
BESJ
BESJ
BESJ
BESJ
BESJU
BESJ
BESJ
BESJ
BESJ
BESJ
BESJ
BESJ
BESJ
BESJ
BESJ
BESJ
BESJ
BESJ
BESJY
BESJ
BESJ
BESJY
BESJ
BESJ
BESUJ
BESU
BESJY
BESJ
BESJ
BESJY
BESY
BESJ
BESJ
BESS
BESJ
BESJ
RESJ
BESY
RB=SJ
PESY
RESY

WO NS N
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guoool
000002
000003
000004
000005
000006
Qoo007
000008
000009
000010
000011
000012
000013
000014
000015
000016
000017
060018
000019
000620
000021

® ELT BESSEL,1,650716, 76335

10

11
12

160
101

SUBROUTINE BESSEL (J,Y,V,X,K)
INTEGER V

REAL J,Y

DIMENSION J(1),Y(1)

D=1.E-6

NV=V+1

DO 1 I=1,NV

CALL BESJ(X,I1-1,J(1),0,IER )
IF(IER.NE.O) GO 70O 10

CALL BESY(X,I-1,Y(1),IER)
IF(IER,NE.D) GO TO 11
CONTINUE

RETURN

WRITE(6,100)X,v

GO 70 12

WRITE(6,101)X,V

K=1

RETURN

FORMAT(10X,28HERROR [N BESJ, X AND V ARE. ,2E15.7)
FORMAT(10X,28HERROR IN BESY, X AND V ARE. ,2815.7)
END

#NEW

-1

(2d-21907 1doday



612 abed

000001
000002
000003
000004
000005
000006
000007
000008
000009
000010
000011
000012
000013
000014
000015
000016
000017
000018
000019
000020
ogog21
000022
000023
000024
0p0025
000026
000027
000028
000029
noo030
000031
go0go32
000033
000034
000035
000036
000037
000038
000039
000040
000041
600042
000043
000044
000045
000046
000047
gGgo48
000049
000050
000051
000052
000053
600054
000055

@ ELT BESY,1,690714, 35951

o
10
20
C
C
30
C

40

SUBROUTINE BESY(X,N,B7,1ER)

CHECK FOR ERRORS IN N AND X
1F(N)180,18,10
1ER=0D
IF(X)190,190,%0
F123.141592653

BRANCH [F X LESS TAAN OR EQuAL 4
1F{X-4.140,40,30

COMPUTEZ YO AND Y1 FOR X GREATER THAN 4
T=4./X%
F0=.3989422793
G0z==-.0124669441
P1=.3989422819
G1=.0374008364
A=TxT
B=A
PO=P0O~.0017530620=4A
Q0=Q0+.00045643524=A
P1=P1+.0029218256%A
01=01~,00063904+4A
AZA=A
PO=PO0+.00017343=A
00=Q0~.0000869791=4A
P1=P1~.000223203=A
31=01+.0001064741%A
A=A=B
PO=P0~.0000487613xA
Q0=0Q0+,0000342468A
P1=P1+.0000580759=4A
R1=Q1~.0000398708%A
AzA=B
PO=PO+.0000173565%A
Q0=Q0~-.00001420678xA
P1=P1~.000020092=A
01=01+.0000162x4
AzA=B
pP0=P0-,0000037043%A
N0=00+,0000032312=A
F1=P1+.0000042414=4A
01=01~.0000036594x4
A=SQRT(2.P1)
R=4, %A
PG=A%PO
00=B=2Q0/X
Pl1=AsP1
01=8#Q1/X
A=X=P1/4.
B=SQERT(2./(P1%X))
Y0=Bx (PO#SINCA)+GO=COS(A))
Y1=B#(-P1#COS(AY+QL1=SIN(AY)
GO T0 90

TOMPUTE Y0 AND Y1 FOR X LESS THAN OR EQUAL

XX=X/2,
X2 XX aXX
T=zALOG(XX)+.5772156649

T0

BESY
BFSY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
2ESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
RESY
BESY
BESY
BESY
BESY
RESY
BESY
RESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
3ESY
BESY
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91 abed

000056
000057
000058
060059
000060
000061
000062
000063
000064
600065
000066
gooo67
000068
000069
600070
000071
000072
000073
000074
000075
000076
600077
000078
000079
000080
000081
0ooo82
000083
000084
0o0o085
000086
000087
ooooss
000089
000090
000091
000092
000093
000094
000095
000096
000097
600098
000099
000100
000101
000102
000103
000104

(e}

50
60

70

80

90

100
110
120

130

140

150

160
170
1890

SUM=0,
TERM=T
YO=T
DO 70 L=1,15
IF(L=-1)50.60,50
SUM=SUUM+1./FLOAT(L~-1)
FL=L
T5=T=-SUM
TERM=(TERM= (=X2)/FL#22)#(1.-1./(FL&#TS))
YO=YO+TERM
TERM = XX#(T-.5)
SUM=0,
Y1=TERM
DO 80 L=2,16
SUM=SUM+1./FLOAT(L~1)
FL=L
FlL1=FL~1,
TS=T-SUM
TERM=(TERM&# (=X2)/(FL1+FL) ) #((TS-.5/FL )/ (TS+.5/FL1))
Y1=Y1+TERM
P12=2./PI
YO=PI2#Y0
Y1z~P12/X+P122Y1

CHECK IF ONLY YO OR Y1 IS DESIRED
IF(N-112100,100,130

RETURN EITHER YO OR Y1 AS REQUIRED
IF(N)110,120,110
By=Y1
GO TO 170
BY=Y0
GO TO 170

PERFQORM RECURRENCE QOPERATIONS TO FIND YN(X)
YAZYO
yB=v1
K=1
T=FLOAT(2#K)/X
YC=T#YB-YA
KTK+1
IF(K-N)150.,160,150
YAzYRB
YR=YC
GO TO 1490
B8Y=YC
RETURN
[ER=1
RETURN
1ER=2
RETURN
END

BESY
RESY
BzSY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
BESY
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11, Programming (cont.)

D. METHODS OF VERIFICATION

For most sections of this program, the only method of verification

is the "reasonableness" of the numbers output. This is a nebulous statement

and the only way an engineer can know what is reasonable is from experience

with the sensitive time lag theory and its application. There are some guide-

lines that can be given, however, that may help those new to the program.

IfA ,B , and C_ are 1.0, the n minimum will be on the
vn’ Tvn vn

order of 0.5 to 1.0. It will always be positive.

The frequency of the n minimum is near the acoustic mode
frequency of a cylinder. This frequency is given in a

formula on Figure 2.

The calculation of A _, B, and C can be checked by

vn’ “un wn
running a case with combustion concentrated at a particular
location. The answer can then be easily checked using the

formulas in Section I,B,(5) and Figure 8.

When T at n minimum is given in seconds, it can be converted
1

to an equivalent frequency by the relation 1% = TEx ¢

The test cases given in this manual are a convenient reference
to establish whether the program and computer are working

correctly.
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Section III Deck Setup

A. COMPUTER CONFIGURATION

. Univac 1108 computer, 65K of core minimum
. 462118 for code, 722458 for data
. FORTRAN V

Executive I monitor system

No plot output required

. No punch output required

~N oy i o

. Units 12, 13, 14 are used for temporary storage.
B. ESTIMATED RUNNING TIME
Because of the extremely large number of ways of running this program,
it would be very difficult to give a formula for running time. As a guide, the

sample case given in Section III,L ran in 2.06 minutes. The nozzle admittance

calculation is the single most time consuming portion of the program.
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ITI, Deck Setup {(cont.)

T
r/>SECTION TV (NO TNFORMATION)

SECTION 17T

DATA PACKAGE DATA FOR PROGRAMS E, I, AND J

/

SECTION IT HEADER INFO,

(@

SECTTON T

MATN CONTROL

PLUS DATA FOR PROGRAMS

A, B, C, DAND F

IF SECTION ITI TS NOT USED, SECTTON TV MUST NOT BE USED.

Figure 18 —- Input Load Sequence Required by the Computer Program
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III, Deck Setup {(cont.)

C. DECK SEQUENCE

It is necessary to discuss the general organization of the data
as well as how the data actually get into the computer before proceeding
with any further discussion of the computer program. Hereafter, the input

data deck will be referred to as a set of data packages.

The manner in which the data deck is assembled is shown in

Figure 18. It can be seen that the data package (one package required per
case), is divided into four sections. The first section contains the data
for MAIN CONTROL and for Programs A, B, C, D and F. The second section is
one card that has the letter T punched in card column one. This card serves
the purpose of an end-data signal and of a header card such that all informa-
tion that follows the T will be printed on the top of each output page. The
third section contains the data for Programs E, I, and J. The fourth section

is a T-card that is used only to signal the end of that data.

It should be noted that if neither E, I, or J are run, Sections III

and IV are not needed. However, Sections I and II must always be on the data

package.

Running Multiple Cases

The flexibility of the program is such that stacking cases (i.e.,
running multiple cases) is an easy task. All that is required is to add the
required number of data packages to the data deck. There is no restriction
as to the flow paths of individual data packages; therefore, data packages
of parametric studies involving the use of one program can be intermingled
with data packages that use any of the other program combinations for an

analysis.
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III, C, Deck Sequence (cont.)

Getting the Data Onto the Card

The inputting of the data is accomplished in a flexible fashion.
The method employed is called scatter load.* This method has a minimum number
of restrictions as to how and in what manner the data are punched on the card.

Examples are given below that will illustrate the flexibility of scatter load.

Load and Terminal Flags

The first thing that must be punched on a card is the letter L
or the letter T. The L signals the computer that data are on the card whereas
the T signifies that the computer has received all of the data for that section

of the data package.

Data Input

Immediately after the L will appear 1 to 4 numbers; therefore,
the card thus far has been punched with L followed by 4 digits, e.g., L4175,
This tells the computer to start loading the data that will follow into computer

core starting at Location 4175. PFollowing this number will be a plus or minus
sign and data, another plus or minus sign and data, etc. Since the signs serve
to separate the data, the second data point will automatically be loaded iunto
core location 4176. This process continues across the first 72 columns of the

data card.

Consider the following example of input data

*Except for the input to main control.
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TII, C, Deck Sequence (cont.)

LO + 10.0
L1 + 19.4
L2 + 0.0
L3 - 0.92
L8 + 6.4

This may be punched on a single card as

(Example 1) L0 + 10.0 + 19.4 + 0.0 - 0.92 L8 + 6.4
(Example 2) LO + 10.0 + 19.4 + -0.92 + + + + + 6.4
(Example 3) L8 + 6.4 LO + 10.0 + 19.4 + -0.92

(Example 4) 139 + 0.21 + 3.14 + 5.0 + 1.5 -35.5 L39 1545.

Example 1 illustrates a normal load sequence for the given input.
No data are transferred into core locations L4 thru L7; therefore, any
previous data stored there remains there. Example 2 illustrates how
algebraic signs can be used to index the core location to the proper station.
Note also the L2, which is identically zero, has no number punched on the
card. This illustrates that the computer, when it sees no number following
the sign, loads the value of zero into that core location. If data have been
previously stored in Locations L4 thru L7 and are to be used again, the use
of indexing presented in Example 2 will load zeros into those core locations;

consequently, the data will be lost.

Example 3 illustrates that the L-~numbers do not have to be
punched in sequential order. Example 4 illustrates the method of correcting
data. Specifically, L39 was initially loaded with 0.21 and later loaded with
1545.0; therefore, the former number is erased on core and the latter included
in its place. The most convenient method for correcting data cards is to
punch all the corrections on one or more cards and place these cards immediately

before the T-card of that data section.
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111, C, Deck Sequence {(cont.)

Presented below are some basic rules to employ when punching

data cards:

1. DO start each input card with L. The L does not have to be

punched in card column 1 but it must appear before the data.

2. DO pay close attention to the sequence of the remaining
data included on the card so that data are not loaded into the wrong core

location.

3. DO NOT use more than 8 significant digits (including decimal
point) for the input data. Expomential notion is permitted. That is, the

number 0.0625 can be loaded as 6.25 E-02.

4. DO NOT start the data on one card and complete it on

another.

5. DO NOT use more than 72 card columns for data input.
The computer looks at 73 to 80 but does not transfer that information to core.
Therefore, columng 73 and 80 can be used for the card sequence number in the
data deck or identification of some significant aspect of the data so that

it can be identified at some later date.

6. DO include a T-card at the end of a data section in the

data package. The T must be punched in card column 1. If the T appears

anywhere else on the card, the computer will dump the entire rum.

7. DO include a description of the case on the T-card of
Section 2. This information serves as a header for each output page. This

igs a convenience more than a2 necessity.
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111, C, Deck Sequence (cont.)

8. DO NOT use two or more T cards for a header. This can

confuse the computer's input logic.

Thus far the storage locations for the individual data bits have not
been noted. They will be provided in Section III,E. It is sufficient to state
here that the input data have reserved locations in core and that these data
remain in those locations unless over-written by the next set of input data.
Therefore, it is not necessary to input all the data on the next run if only
one parameter (e.g., the ratio of the specific heats)is to be changed. Only'
the data that changes from one case to the next have to be input on successive

data packages (except for main control).

Operation of MAIN CONTROL

Since the computer obeys every command explicitly, it is necessary
to indicate correctly to the computer the programs that are desired for a

particular case. Furthermore, this must be done for every case because the

computer will turn off the switch that activated the program after it is through

with the program. This is done purposely to avoid using a program that is

not needed for the second case.

The first 10 core locations are reserved for MAIN CONTROL in

the following order:

LO: Program A, Longitudinal Mode Chamber Analysis and Stability
Zones

Ll: Program B, Transverse Mode Chamber Analysis

L2: Program C, Exhaust Nozzle Admittance Coefficients for
Longitudinal and Transverse Modes
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TII, C, Deck Sequence {cont.)
L3: Program D, Expansion of Results from Program B.

L4: Program Injector Nonuniformity Coefficients

Lo o I -

")

L5: Program Final Soclution of Instability Zones

L6: Program Not used in this package

()

L7: Program High Combustion Chamber Mach Number Analysis

1L8: Program Nonlinear Combustion Response Analysis

-

[ T

()

L9: Program Injected Mass Distribution Effects

A zero in any of the locations indicates that this program
will not be used. A number greater than zero instructs the computer to
execute this program at the time it is required. The program knows when to
execute the program and a number in the proper place tells the computer

whether or not to execute the program.

Program Options

Most programs have various optilons concerning the desired
output to be printed. These options are exercised by the same control number
that executes the program and are keyed by the magnitude of the number.
These print options are presented in the discussion of the individual programs.

However, a few examples are presented here to illustrate this poilnt:

EXAMPLE 1: EXECUTE PROGRAM C -~ PRINT NO OUTPUT

LO + + + 9.0 + + + + + + (0<L2<9.0)

EXAMPLE 2: EXECUTE PROGRAM € -~ PRINT OUTPUT

LO + 4 + 99.0 + + + + + + + (10<L2 < 99.0)
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III, C, Deck Sequence (cont.)

EXAMPLE 3: EXECUTE PROGRAM C - PRINT INPUT AND OUTPUT

L0+ ++199.0++++ + + + + (100 < L2 < 199.0)

Determination of Design Criteria

Table III shows the program combinations that are required to
obtain stability maps for the longitudinal and transverse modes and to make

certain parameter studies.
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INPUT DATA
PROGRAM INDEX

Longitudinal Mode Chamber Analysis and Instability
Zones

Transverse Mode Chamber Analysis

Exhaust Nozzle Admittance Coefficients for
Longitudinal and Transverse Modes

Expansion of Results from Program B

Injector Nonuniformity Coefficients

Final Solution of Instability Zones
(Obsolete and deleted from the listing)

High Combustion Chamber Mach Number Analysis
Nonlinear Combustion Response

Injected Mass Distribution Effects
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111, Deck Setup (cont.)

D. INPUT DATA

1. Program A: Longitudinal Mode Chamber Analysis and
Instability Zones

a. Input Requirements: the following data go into

Section I of data package.

Core
Location Mnemonic Description

LO - Make greater than zero to execute Program A.

L10 Y Ratio of the specific heats.

L11 Mg Steady-state Mach number at the entrance to the exhaust
nozzle. This can be determined by the contraction
ratio or by Program C. In the latter case, leave L1l
blank.

L13 re¥® Chamber radius, in. also loaded in L3804, Program C.

L14 L% Length of cylindrical portion of chamber, in.

L15 co* Speed of sound in the chamber, ft/sec.

L16 Gfo Weighted liquid injection velocity, ft/sec. See

‘ equation (56) at the end of this section.
L1i7 K Gas/liquid momentum interchange coefficient,
(k = 0 for no droplet momentum effects)
120 S un Set equal to zero.
L21 N Number of chamber frequencies to be used. Leaving
we this column blank will turn on Program GENMEC which
will select 10 frequencies according to the relation-
ship given by Eq. (57).
L22 ) Table of nondimensional, chamber frequencies arranged
. in ascending order. A zero must be included at the
. end of the table. The maximum number of frequencies
. is 28 (including the zero point). This is left blank
. if L21 is blank.
L49
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11T, D, Input Data (cont.)

Core

Location Mnemonic
L50 YA
1.69
L70 M(Z*)
.89
L600

. w

1629
L§30 Oy
1L.659
L660 oNi
1.689

b.

Description

Table of ascending axial positions at which the
combustion distribution (i.e., the variation of the
local Mach number with respect to Z) is known.
Dimensioned in inches. A zero value must appear at
the last point. Minimum of four real data points
is required.

The local steady—-state Mach number that corresponds
to the given L,. A zero must appear as the last
value.

The ascending table of chamber frequencies for which
the longitudinal, real and imaginary parts of the
nozzle admittance coefficients (to be input next)
are known. If Program C is run to determine the
admittances, these frequencies will be automatically
transferred. The last point in the table must be
zZero.

The real part of the admittances corresponding to
the above frequencies. The last point in the table
must be zero. These can be determined by running
Program C.

The imaginary part of the admittances corresponding
to the above frequencies. The last point in the

table must be zero. These can be determined by
running Program C.

Print Options

There are no print options available with this program.

Any LO number greater than zero will give a program execution as well as an

output of the input data and the results of the program.

data package.

Placement of the Data into the Data Package

These data are inserted anywhere in Section I of the
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1II, D, Input Data (cont.)

program:

d. Output

The following output results from the efforts of this

Label in Output

GAMMA

DESIRED MACH NUMBER
CHAMBER RADIUS
CHAMBER LENGTH
SPEED OF SOUND
CHAMBER MODE DESCRIPTION
MACH DISTRIBUTION
UIBAR

K

X

FC(cPS)

OMEGA

TAU (MS)

N

ULM

wC
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v

M
e

£
Ric

L*
(&

c*
(o}

]
vn
M(Z#%)

f%

T*
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111, D, Input Data (cont.)

e. Auxiliary Equations
(1) Axial Liquid Velocity (Weighted)
(MR)VY cos & + v_ cos 6
Te o= X x F ft/sec (56)
LO MR+1 ?
MR = mixture ratio = wy/wp
Vy = oxidizer injection velocity, ft/sec
vp = fuel injection velocity, ft/sec
6x,F = oxidizer and fuel impingement angle
(2) Selection of Frequencies by GENMEG
(Longitudinal) = (1 + 0.10) = (57)
(Transverse) = (1 + 0.10) Sun
where
m = 3,14159 + = resonant frequency
(non~dimensional) for longitudinal
modes
s,, = transverse acoustic mode number
n given in the Program B writeup.
(3) Other Information

For a longitudinal

of 7 is true for a very short nozzle.

to find an n minimum.

can be obtained by specifying the frequencies

e
23
am

It may
Also GENMEG gives only

e 234

mode a resonant frequency
be necessary to override GENMEG
the first mode. Other modes

to be run.




Report 20672-P2D

IT1L, D, Input Data (cont.)

2.

Program B: Transverse Mode Chamber Analysis

a.

Input Requirements: the following data go into

Section I of the data package.

Core
Location Mnemonic

L1l -
L20 s

vn
L10
L89
L3017 N

[y
L3019 w
13048
L%049 E.
L3078
L%O79 Ei
13108

b.

Description

Execute Program B. Magnitude of number depends on
print options given in Paragraph b.

Transverse acoustic mode number given for various
modes at the end of this section for cylindrical
chambers. For annular chambers, see Figure 9.

These are identical to Program A. Refer to the
writeup of Program A for these requirements.

The number of input frequencies at which the trans-
verse nozzle admittance coefficients are known.

This number must be greater than 2 and less than 30.
If the admittance for a nozzle is unknown and
Program C is run, C will provide this number

The values of the chamber frequencies, arranged in
ascending order, for which the transverse admittances
are known. Program C will provide them if it is run.
The last value must be zero.

The values of the real part of the transverse nozzle
admittance coefficient. The last value must be zero.
Program C will supply these values.

The values of the imaginary part of the transverse
nozzle admittance coefficient. The last value must
be zero. Program C will supply these values.

Print Options

0 <Ll < 9: Execute B, do not print input or output

10

< L1 < 99: Execute B, print output
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11T, U, Input Data (cont.)

100 < L1 < 199:

200 < L1 < 299:

Execute B, print input and output
(recommended)

Execute B, print input and output,
print steady state tables and values
of integrals associated with high
Mach number cases.

c. Placement of the Data into the Data Package

These data are inserted anywhere in Section I of the

data package.

d. Output

Label in Output

GAMMA

DESIRED MACH NUMBER
CHAMBER RADIUS
CHAMBER LENGTH
SPEED OF SOUND
CHAMBER MODE DESCRIPTION
CHAMBER FREQUENCIES
WC

MACH DISTRIBUTION
SNH

ZE

UE

SOUND

Symbol in Analysis

Y

M
e

%
RAC

L*
C

ok
o]
s
vn
w

w

M(Z*)
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Label In Output

Report 20672-P2D

Symbol in Analysis

ULM *
“Lo
XK K
OMEGA (CH) W
ERT £
r
EIT
5
H REAL h
H IMAG h,
i
e. Tabulation of Transverse Acoustic Mode Number (Sv
(1) Tangential Modes
First tangential: s1; = 1.8413
Second tangential: sjp1 = 3.0543
Third tangential: s31 = 4.2012
Fourth tangential: s4q = 5.3175
Fifth tangential: S5 = 6.4154
(2) Radial Modes
First radial: sg, = 3.8317
Second radial: sp3 = 7.0156
Third radial: sg4 = 10.1734
(3) Combined tangential-radial modes

IT-1R: 19 = 5.3313
IT-2R: 813 = 8.5263
IT-3R: 514 = 11.7059
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111, D, Input Data (cont.)

2T-1R: s990 = 6.7060
2T-2R: sp23 = 9.9695
2T-3R: sg4 = 13.1705
3T-1R: 839 = 8.0151
3T-2R: s33 = 11.3459
3T-3R: s34 = 14.5858
3. Program C: Exhaust Nozzle Admittance Coefficients for

Longitudinal and Transverse Modes

a. Input Requirements: The following data go into

Section I of the data package.

Core
Location Mnemonic Description

L3801 M = 1.: the table of velocity potential values within
the nozzle is input and the Mach number to the
entrance of the nozzle is input.
= 2,: the Mach number at the entrance to the nozzle
is input but the velocity potential table must be
calculated.
= 3,: the Mach number and the velocity potential
table must be calculated.

L3803 Rito Radius of the throat, in.

L3804 REco Radius of the chamber, in., also loaded in L13,
Program A.

L3805 RECO Radius of chamber curvature at the nozzle entrance,
in.

L3806 RETO Radius of curvature at the throat, in.

13807 dg Nozzle convergent half-amgle, deg.

1L90% RzTi Radius of centerbody throat, in.

L91* R%Ti Radius of curvature of the centerbody throat, in.

*Note 1: These values may be plus or minus, see Figures 14 and 15.
Note 2: For cylindrical chambers, leave L90 through L94 blank.
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III, D, Input Data {(cont.)

Core
Location Mnemoni.c Description Description
* .
L92% Raci Radius of chamber of centerbody, in.
L93* RéCi Radius of curvature of centerbody at the nozzle
entrance.
L94% oy Centerbody nozzle convergent half-angle, deg.
L20 Son Transverse acoustic mode number is given on the

previous page for cylindrical chambers. For annular
chambers see Table 1, Section I,B,.

L3808 KN If L3801 > 2, then KN is either

(1) An odd integer less than 200 telling the desired
size of the program generated velocity potential

table, or
(2) Blank and program will assume Ky = 101

(recommended)
13809 ¢ (Z) Dimensionaless velocity potential table (199 values
L3811 maximum) in the odd numbered locations only. If
13813 L3801 > 2, this is not necessary.
L4205
L3810 -EZ(Z) Squares of the reduced velocity table (199 values
L3812 maximum) in the even numbered locations only. 1If
L3814 L3801 > 2, this not necessary.
L4206

*Note 1: These values may be plus or minus, see Figures 14 and 15.
Note 2: For cylindrical chambers, leave L90 through L94 blank.

When this program is run by itself the frequencies to be
run must either be input or generated by GENMEG. As discussed later this
admittance calculation is done for every other input or generated frequency.

To run Program C by itself the above data must be supplemented as follows.

Core
Location Mnemonic Description
L10 Y Ratio of specific heats
L1l M Steady state Mach number at the entrance to the

€ nozzle. Not needed if L3801 is 3.
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111, D, Input Data (cont.)

Core
Location Mnemonic Description

L13 rg Chamber radius, in.

L14 L% Chamber length, in.

L15 Cg Speed of sound in the chamber, ft/sec.

L21 ch Number of chamber frequencies to be used leaving
this column blank will turn on Program GENMEG.
Admittances will actually be calculated for every
other frequency as discussed later.

L22 w Table of non-dimensional chamber frequencies

. arranged in ascending order. Last point must
L49 be zero.
b. Print Options

0 < L2 < 9: Execute Program C, print no output

10 < L2 < 99: Execute Program C, print output

100 < L2 < 199: Execute Program C, print input and
output (recommended)

200 < L2 < 299: Execute Program C, print input and
output, and print the nondimensional
velocity potential table.

c. Placement of the Data in the Data Package
This data is inserted anywhere in Section I of the
data package.
d. Output
Label In Output Symbol In Analysis
(sNH)C fvﬂ
(SNH)N -
WC w
WN ®
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III, D, Input Data (cont.)

Label In Output Symbol In Analysis
MACH NO. Me
G Y
AR A

r
Al A,

i
-AR/ (MACH NO.) SN
-ATI/(MACH NO.) N
BR B

T
BI Bi
T1 E

r
T2 E,

i
CR C

r
cI C.

i
-CR/ (MACH NO.

/( ) Bye

-CI/(MACH NO.) 8

Ni
FC (CPS) f*

e. Auxiliary Equations

(1) The Selection of the Chamber Frequencies to be
Used

Because of the long execution time of this program
for a given value of w, the program starts with the first chamber frequency
and uses every other frequency thereafter; that is, if n is the total number
of chamber frequenciesy Program C will use m number of frequencies according

to the relationship

Page 241




Report 20672-P2D
ITI, D, Input Data (cont.)
n
mo= 5 + 1

In computer language, m and n are whole numbers.
Therefore, if n = 11
il

m =—2—+l
m = 5+ 1 (where 0,5 has been truncated out)
= 6

(2) DNondimensional chamber frequency

(2m£*) (V*AC)

w = % (58)
)
where
* = denotes dimensional variables
subscript ¢ denotes chamber conditions
f* = chamber frequency, cps
cX = chamber speed of sound ft/sec
Vac = chamber length L* or radius r§
(depending if longitudinal or transverse
modes respectively are desired),
(3) Nondimensional nozzle frequency
b o= —a (59)
K
where | R% R% L 1/2
& = R¥% 2 _Alo _ ATi) R*% z_ R* z .
' R% * Ti |
ATO | y¥1 RE T R “ATo Ati J

(4) DNozzle transverse acoustic nozzle number

~ S
5 = A (60)
vn K
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III, D, Input Data (cont.)

Core
Location

4, Program D: Expansion of Results from Program B

Mnemonic

L3
L3405

L3406

L3407

13408
13409
13437
13439
L3467
L3469
13497
L4522

L4538

lr/n

1
e/n

hr(w)

hi(w)

Input Requirements

The following data go into Section of the data package:

Description

Must be greater than zero to run this program,

The ratio of the radial velocity coefficient to the
pressure interaction index. Generally set equal to zero.

The ratio of the tangential velocity coefficient to the
pressure interaction index. Generally set equal to zero.

= 1 for linear combustion response. >1 for nonlinear
combustion response. This parameter indicates the

number of frequencies for which the injector nonuniformity
coefficients, Avn’ an, and Cyns are known. The

running of Program I will determine this number. (Not
required if Program B is run.)

The number of chamber frequencies
(Not required if Program B is run.)

The table of frequencies arranged in ascending order.
The last value must be zero. (Not required if
Program B is run.)

Real part of the damping effects computed in Program B.
The last value must be zero. (Not required if Program B
is run.)

Imaginary part of the damping effects computed in
Program B. The last value must be zero. (Not
required if Program B is run.)

The values of chamber frequencies for which the
nonuniformity coefficients are known. Use only if
data are available.

Page 243




Report 20672-P2D

111, D, Input Data (cont.)

Core
Location Mnemonic

L4539
. A

. vn
L4555

L4556

L4572
L4573
. C

. vnp R
14589

L4590

. vn 1
L4606

data package.

Description

The pressure nonuniformity coefficient corresponding to
the above frequencies (w). Av = 1,0 for uniform
injection distribution. n

The radial velocity nonuniformity coefficient corresponding
to the above frequencies w. Generally set equal to zero.

The real part of the tangential velocity nonuniformity
coefficient corresponding to the above frequencies w.
Generally set equal to zero.

The imaginary part of the tangential velocity non-
uniformity coefficient corresponding to the above
frequencies . Generally set equal to zero.

NOTES: a. All these data, with the exception of
lr/n and 1g/,, can be calculated using
Programs B, E, and I,

b. This program was constructed specifically
to include the effects of the nonunfiromity
coefficients for the low Mach number cases.

Print Options

0 <L3 <9: Execute D, print no output or input
10 < L3 < 99: Execute D, print output only
100 < L3 < 199: Execute D, print input and output

Placement of the Data into the Data Package

These data can be inserted anywhere in Section I of the
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111, D, Input Data (cont.)

d. Output
Label on Output Symbol in Analysis
LR/N L
n
LT/N ie_
n
ERT Er
EIT Ei
CRT Cr
CiT Ci
OMEGA (C) ' "
OMEGA (CH) w
HTR hr
HTL hi
HTRINT gr (interpolated)
HTIINT hi (interpolated)
OMEGA w

5. Program E: Injector Nonuniformity Coefficients:

Avn’ an, c

vn

a. Input Requirements (not programmed for annular chambers)

MAIN CONTROL requires L4 in Section I of data package.

The remaining data go into Section III of the data package.
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III, D, Input Data (cont.)

Core
Location Mnemonic
L1l 1ZZIT
L2 XM
13 XN
L4 SECTOR
L5 V
L7 s\)n
19573 R, .
inj
L9570 NE
L1920
: r
L2919
12920
. 6
L3919
L3920
: N
L4919

Description

Indicates whether the mode is standing or spinning:

Standing: 1ZZIT <0
Spinning: 1ZZIT >0

The number of radial divisions desired on the injector
face (10 < Xy < 21).

The number of angular divisions desired around the
injector face (20 2 Xy < 181).

The number of symmetrical sectors that the injector
can be divided into, (1 < SECTOR < 180).

Order of transverse mode in tangential direction
1, 2, 3, etc. For radial modes v = 0.

Transverse acoustic mode number given by tabulation
presented in Program B write-up.

Injector radius, in.

Number of elements per symmetrical sector. The
maximum number of elements is 1000. Ignore if Program J
is run.

The radial position of each element within the
symmetrical sector, in. Program J supplies these
data when they are run.

The angular displacement (from any convenient
reference line on the injector face) of each element
within the symmetrical sector, radians. Program J
supplies these data when they are run.

The element injection distribution given by equation
(6) at the end of this section. Usually Program J
provides this information to Program E.
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111, D, Imput Data (cont.)
b. Print Options
0 <L4 <9: Execute E, do not print input or output
10 < L4 < 99: Execute E, print output only

100 < L4 < 199: Execute E, print input and output

C. Placement of the Data into the Data Package
Main control data: Section I of data package.

All other data: Section II1 of data package. Section IV

must be included in the data package.

d. Output
Label on Output Symbol in Analysis
AVN A
vn
BVN B
vn
CVN C
vn
MU !
e, Auxiliary Equations
Distribution coefficient, Mg
-1
G.)
L = TSE/(AS)E - 1 (WT)E 6)
E WT/A. ' Xy + Fy Vi
inj
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II1, D, Input Data (cont.)

where

(WT)E = total weight flow rate of element, 1b/sec
W= total weight flow rate of injector, lb/sec

(AS)E = gurface area serviced by the element, in.

Ainj = total surface area of injector, in.

6. Program F: Final Solution for Instability Zones

a. Input Requirements

The input for this program comes directly from

Program D and consists of the following parameters:

The frequency in the chamber, w
The radius of the chamber R*AC’ in.
Speed of sound in the chamber, cg, ft/sec

Real and imaginary parts of the damping parameters
h corresponding to the above frequencies.

This program can be run by itself if the data axe

inserted into those locations specified by Program D.

b. Print Options
0 <L5 < 9: Execute Program F, print no input
and output
10 < L5 < 99: Execute Program F, print output only
100 < L5 < 199: Execute Program F, print input and

output
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III, D, Input Data (cont.)

c. Placement of the Data into the Data Package

These data are included into Section I of the data

package.

d. Output

The following output results from this program:

f* = frequency of oscillation, Hz
w = nondimensional frequency
% = sgensitive time lag corresponding to the above

frequency, millisec

n = pressure interaction index

At the bottom of the page, an effort is made to locate
the minimum interaction index. In most cases, this information is wvalid.
However, effects from an adjacent mode will intervene occasionally thereby

invalidating this information.
e. Other Information

This program obtains its result by the solution of the

following equations:

Frequency, cps
c® 12
(o]

w_oo__0°
’ R%
2m R AC
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11T, D, Imput Data (cont.)

Pressure interaction index, n
2

h 2+ h",
r i
n = -

2h
r

Sensitive time lag, T, millisec

R* h \
ACo 1 -1 i
¢ = v = .
¥ (83.33) o+ 17 Fw tan ( — }
) r
7. Program G: Obsolete and deleted from the listing.

8. Program H: High Combustion Chamber Mach Number Analysis

Program H is not operational. Recommended procedure is to

place a negative number in load location L7 of MAIN CONTROL.

9. Program I: Nonlinear Combustion Response (Option for
Program E)
a. Input Requirements

MAIN CONTROL requires L8 for Section I of data package.

The remaining data go into Section IIT of data package:
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11T, D, Input Data (cont.)

Core
Location

Mnemonic

Description

ALL THE DATA REQUIRED TO RUN PROGRAM E AS WELL AS:

LO

L12

L19
L68

L69
L118

L119
1168

L169
L218

L219
L1268

L269
L318

L9595

19596

L9597

19598

El

[a]2}

IPP

OPP

IPR

OPR

IPT

OPT

TFLP

TFLR

TFLT

NUMBR

The permissible error. If blank, the program will
assume E1 = 0.001.

The ratio of the maximum pressure amplitude at the
injector face to the steady-state pressure value.

The values of the pressure perturbation associated
with the pressure-dependent nonlinear element,

The values of the combustion perturbation corresponding
to the above IPP values.

The values of the radial velocity perturbation associated
with the velocity-dependent nonlinear element.

The values of the combustion perturbation corresponding
to the above IPR values.

The values of the tangential velocity perturbation
associated with the velocity dependent nonlinear element.

The values of the combustion perturbation corresponding
to the above IPT values.

The linear transfer function for equivalent linear
operation associated with the pressure-dependent non-
linear element.

The same as TFLP except for radial velocity-dependent
nonlinear element.

The same as TFLP except for tangential velocity-
dependent nonlinear elements.

The number of steps to be used in the integration scheme
associated with this problem. If left blank, the computer
will assume 20, which is sufficient for most cases.
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ITI, D, Input Data (cont.)

b.

Print Options

0 §_L8 < 9: Execute I, print no input or output data
10 < LB < 99: Execute I, print output only

100 < L8 < 199: Execute I, print input and output

Placement of the Data into the Data Package

These data are included in Section III of the data package.

Along with these data, Section Iv must be included.

as follows:

d.

Output

The output of this program is as follows:

The frequency, ®
The element number, location, fractional flow rate,

Fp, FR, and FT necessary for Program E.
This will automatically change the output from Program E
The frequency, w

The frequency dependent expansion coefficients Avn’

B , and C .
vn vn
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I1I, D, Input Data (cont.)

10. Program J: Injected Mass Distribution Effects (Not
Programed for Annular Chambers)

a. Input Requirements

MAIN CONTROL requires L9 in Section I of data package. The remaining

data go in Section III of data package.

Core

Location Mnemonic - Description

L319 Element number (maximum = 1000) within symmetrical sector.
1323 n

1327

1319 + 4n

1320

L324

1328 Xn or r Element location, in.

L320 + 4n

L1321

1325

L329 Yn or Bn Element location, in. or degrees

1321 + 4n

1322

L326

1330 Tn Type of injection element. The details concerning
1322 + 4n this type number are given next.

L4 DX Number of symmetrical sectors, DX =1 for no

symmetry.
L4944 - The data input in this section serves to define the
to element types and consists of a maximum of 100

L9568 variable length data sets. Each set contains:
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I1T, D, Input Data (cont.)

a. The element type number (< 100)

b. Number of oxidizer orifices for that type
Diameters of all the oxidizer orifices

d. Number of fuel orifices for that type

e, Diameters of all the fuel orifices

EXAMPLE
let Ti = ith element type
NXi = number of oxidizer orifices for the ith type element
, .th . g s e . .th
DXij = diameter of the j oxidizer orifice in the i type element
NFi = number of fuel orifices for the ith type element
. .th ‘e . . th
DFij = diameter of the ] fuel orifice in the i type element

Then a typical input would read

+
L4944 + T1 + NXl + DXl, 1 + DXl,Z + DX1,3 + NFl + DFl,l DFl,Z + T2 + NX2

+ oo
+ DX2,l

If NF. or NX., is zero, then do not set DF, = 0 or DX, = 0.
1 1. i,l1 i,1

i

Assume NX 0.0, then

1

L4944 + Tl + NX1 + NFl + DFl,l + DFl,Z + DF1,3 + T2 + NX2 + DXZ,l + ...
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111, D, Input Data (cont.)

LogZEion Mnemonic Description
L9569 NT Total number of injection types
L9570 NE Number of elements per symmetrical sector
L9571 COORD COORD = 0: elements are lo. .ted 1sing polar
coordinates
COORD > 0: elements dre Jocated using cartesian
coordinates
L9572 WT Total injector weight flow, 1lb/sec
19573 Rinj Injector radius, in.
19574 MR Injector mixture ratio
L9575 NFFC Total number of fuel film cooling holes
19576 DFFC Diameter of fuel iilm cooling holes

In the event of fuel or oxidizer film cooling, either the percert film cooling
or the actual orifice dimensions can be used to describe the cociirg. 1llace

a zero(s) in the one(s) not used.

19578 ROX Oxidizer density, lb/ft3

19579 ROF Fuel density, lb/ft3

L9584 CDX Oxidizer orifice loss roefficient

L9585 CDF Fuel orifice loss coefficient

L9588 PFFC Percent fuel film cvooling

19589 PXFC Percent oxdidizer film cooling

1.9590 XFC Total number of oxidizer film cooling orifico:.
L3591 DFFX Diameter of film cooling orifices

L2, L3, and L4 from Program E.
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11T, p, Input Data (cont.)

b.

Print Options

0 <19 <9: Execute J, do not print output or
input data

10 < L9 < 99: Execute J, print output only

100 < L9 < 199: Execute J, print input and output

L9 < 500: Execute J, print input and output,

and, if error occurs in J, dump
error message with input data.

Placement of the Data into the Data Package

Main control data: Section I of the data package.

All other data: Section III of the data package.

Section IV must be included in the data package.

program:

d.

Output

The following output results as a consequence of this

Miscellaneous information concerning the total orifice
area, circuit pressure drops, overall mixture ratio, etc.

Element number, injection type, and location.

Description of various parameters associated with the
different types of injection elements.

Element number, location, and distribution coefficient.

The distribution coefficient as a function of the radius
across the face of the injector.
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11T, beck Setup (cont.)

E. RESTRICTIONS AND LIMITATIONS

1. One limitation which cannot easily be implied from the information
given in this manual is the frequency limit in tranmsverse mode analysis. This

limit is implied from the relationship

Q sinh Q Z <0 (Me)

This limitation means that combined transverse-longitudinal modes cannot be
analyzed with this program. Long chambers (long compared to their diameter)

may also produce erroneous results for the pure transverse modes.

2. The restrictions of the annular nozzle analysis have already

been discussed in Section I,B,1,b,{6) of this manual.

3, The transverse mode analysis is restricted to low Mach numbers,

those less than approximately 0.3.

4, The sensitive time lag theory is developed for liquid propellant
rocket engines. Before applying it to gas injection, many assumptions must be

examined critically.

5. Calculations of the distribution coefficients Avn’ an, and

Cvn are not applicable to annular chambers.
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IIT, Deck Setup {cont.)

OUTPUT DEFINITION

Program A

Label in Output

GAMMA

DESIRED MACH NUMBER

CHAMBER RADIUS

CHAMBER LENGTH

SPEED OF SOUND

CHAMBER MODE DESCRIPTION

MACH DISTRIBUTION
UIBAR

K

X

FC(CPS)

OMEGA

TAU (MS)

N

ULM

wC

Program B

Label in Output

GAMMA

DESIRED MACH NUMBER

CHAMBER RADIUS

CHAMBER LENGTH

SPEED OF SOUND
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III, F, Output Definition (cont.)

Label in Output

CHAMBER MODE DESCRIPTION
CHAMBER FREQUENCIES
WC

MACH DISTRIBUTION

- SNH

ZE

UE

SOUND

ULM

XK

OMEGA (CH)
ERT

EIT

H REAL

H IMAG

Program C

Label in Output

(sNH)C
(SNH)N
We

WN
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S
vn

S
vn

e




Report 20672-P2D

IIL, F, Output Definition (cont.)

4.

Label din Output

MACH NO.

G

AR

AT

-AR/(MACH NO.)
-AT/(MACH NO.)
BR

BT

Tl

T2

CR

CI

~CR/ (Mach No.)
~CI/ (Mach No.)

FC (CPS)

Program D

Label on Output

LR/N

LT/N

ERT

EIT

CRT

CIT

OMEGA (C)
OMEGA (CH)
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5.

Label On Qutput

HTR
HTI
HTRINT
HTTINT

OMEGA

Program B

Label on Output

AVN
BVN
CVN

MU

Program F

Label on Output

FC(CPS)
(OMGA)D
TAU (MS)
N

NMIN

Report 20672-P2D
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Symbol
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hi
hr (interpolated)

hi (interpolated)
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vn
vn
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I11, F, Output Definition (cont.)

7.

8.

Program T

Label on Output

PRESSURE PERTURBATION
COMBUSTION GAIN

RADIAL VELOCITY PERTURBATION
COMBUSTION GAIN

TANGENTIAL VELOCITY PERTURBATION
COMBUSTION GAIN

OMEGA

FP

FR

FT

AVN REAL

BVN REAL

CVN REAL

CVN IMAG

Program J

Label on Output

PRESSURE (TFLP)
RADIAL VELOCITY (TFLR)
TANGENTIAL VELOCITY (TFLT)

DISTRIBUTION COEFFICILENT MU
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I1I, Deck Setup (cont.)

G, INPUT FORM

A sample input sheet has been prepared on page for the case
given below:

1. Illustrative Design Problem

a. Longitudinal Mode Analysis

The following data concerning a hypothetical engine will
be used for this analysis:

Engine geometry: see Figure 19

]

1.218
3800 ft/sec

Y

C'f’c
(o)

il

Mach number: unknown
Momentum interchange coefficient = 0.0

Combustion distribution: a linear combustion
distribution with complete combustion occurring
at 6.4 in.

PC = 600 psia

The problem is to find the n,r zone for the first

longitudinal mode,
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*
R CTo
* *
R*\co R¥ . l
*
R ATo
|
L*
fpeeitll—————————————  C

L* = lh;S, in.
c
* = 5

R ACo 6.1y, in.
* = .0, in,

R CCo 3 ?
x = 7,16, in.

R ero g
®* = 3,58, in,

R¥aTo 55,

o = 15'. OO

Figure 19 --— Definition of the Geometrical Factors used in Example Problem
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G, Input Form (cont.)
b. Transverse Mode

For the transverse case, the problem will be to find the
n,t zones for the first tangential and the second tangential modes. The data

given in the longitudinal case will be supplemented by the following information:

S11 = 1.8413 and S19 = 3.0543
Injector
Number of radial baffle compartments = 180
Total weight flow = 150 1b/sec
Mixture ratio = 2.0

Injection occurs at three radii:

Unlike doublets at v = 2.0 in.
Triplets (X-F-X) at r = 4,0 in,
Pentads (4F-X) at r = 6,0 in.

Injector radius = chamber radius

No film cooling

Storable propellants

Fuel and oxidizer loss coefficients = 0,75
Spinning modes

Tangential mode numbers = 1 and 2

No radial or tangential- velocity effects
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ITI, G, Input Form (cont.)

c. Nonlinear Combustion Response

For this case, the first tangential mode will be exam-
ined using a deadband nonlinear element., 1In addition to the above injector

data the following additional information will be used:

1.0
1.0

]

00
TFLP

il
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111, Deck Setup {cont.)

H. SAMPLE OUTPUT

The following output is run from the sample input given in the

previous section:
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gooo0”
noooG”
00000 ”
googn’
0000¥%"9
0000v"9

NG1LNgIYlsIa
HOVW

srwpaspesbaRReERRe R wees 38590 SiHL NI

Jovd

6000t -9 Geo0g et 0006g”

' 0000v "9 0000s°¢L unnge "y
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